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SUMMARY
The purpose of this thesis is to investigate the vibrational spectra of the
cellodextrins with particular emphasis on the sensitivity of the vibrational
spectra to conformational changes about the glycosidic linkage(s). A better
understanding of the vibrational spectra of the cellodextrins will aid the
interpretation of the vibrational spectra of the various polymorphs of cellulose.
It will also hopefully lead to a better understanding of the nature of the
polymorphy.
The vibrational spectra of several disaccharides were investigated by means
of normal coordinate analysis using a set of force constants previously devel-
oped for a and 0 glucose. The agreement between the calculated and observed
frequencies was very good for cellobiose, methyl a-cellobioside, xylobiose, a-
lactose and maltose. Normal coordinate calculations were also performed for
various conformations of cellobiose to determine the effect of conformational
changes on the calculated frequencies. The calculations indicate that the dif-
ferences between the observed vibrational spectra of cellulose I and cellulose
II can be accounted for by differences in the torsional angles, 4 and p, about
the glycosidic linkages. Conformational differences at the hydroxymethylene
positions resulted in changes in the calculated frequencies not consistent with
the observed differences between the observed frequencies for cellulose I and
cellulose II.
The vibrational spectra of the cellodextrins were investigated using normal
coordinate calculations for cellotetraose structures. The differences between
the observed spectra of cellulose I and cellulose II can also be accounted for
by differences in the torsional angles, 4 and i, at the glycosidic linkages
based on the cellotetraose calculations.
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The O-H stretching region of the vibrational spectra of the disaccharides
and the cellodextrins has been interpreted in terms of intermolecular and intra-
molecular hydrogen bonding. The results of the interpretation are consistent




The forest is the world's major renewable resource. As with all of nature,
trees exhibit various levels of structure. The tree, upon first inspection is
composed of a trunk, limbs, twigs, and leaves. The trunk and limbs have a layer
of bark, a cambium, and the core. This core is composed of many fibers which
also have a well defined structure. There are three distinct layers of fibrils
within these fibers. The fibrils are constructed of cellulose chains having a
definite arrangement. The cellulose chains are composed of anhydroglucose units
linked together by S-1+4 glycosidic linkages. It is the spatial arrangement and
motions of these anhydroglucose units which is of interest in this thesis work.
Cellulose has the property of existing in various forms exhibiting different
physical properties. Cellulose I, the native form, can be transformed into
cellulose II, or regenerated cellulose, either by mercerization or by dissolu-
tion followed by precipitation. One of the differences among the forms of
cellulose lies in their physical reaction with light. These differences result
from differences in the natural modes of vibration for these forms and can be
observed in their vibrational spectra. The purpose of this thesis work is to
aid the interpretation of the differences in the vibrational spectra.
Recent advances in digital computers and laser Raman spectrometers have
allowed significant strides in the interpretation of the vibrational spectra of
several carbohydrates. It is now possible to investigate the vibrational
spectra of several disaccharides using normal coordinate analysis. The infor-
mation gained in these calculations may then form a basis for the interpretation
of the vibrational spectra of the cellodextrins. This information, coupled with
normal coordinate calculations for cellotetraose, will aid the interpretation of





Interest in the Raman and infrared spectra of the carbohydrates has resulted
in the compilation of a large amount of data. Early investigations were limited
to the group frequency approach due to the large volume of computations inherent
in a complete theoretical treatment. The group frequency approach assumes that
certain molecular moieties vibrate at characteristic frequencies independently
from the rest of the molecule. The first step in developing the group frequency
approach is the investigation of the vibrational spectra of simple compounds
having atomic groupings similar to the carbohydrates. These preliminary
investigations then form a basis upon which to interpret the more complex vibra-
tional spectra. This methodology is still used today as a useful analytical
technique. The region of the vibrational spectra of the carbohydrates which
yields the most information concerning molecular configuration lies below 1200
cm- 1 and is referred to as the "fingerprint region." Unfortunately the group
frequency approach is severely limited when applied to this region. This is due
to the high degree of coupling between the various types of vibration.
The application of the group frequency approach was utilized for a number of
years as the method of interpreting the vibrational spectra of the carbohydrates.
Kuhn1 published the vibrational spectra of seventy-nine carbohydrates with an
interpretation of only a few characteristic frequencies. Differences in the
infrared spectra between 730 and 960 cm- 1 for a number of pyranose sugars were
interpreted as differences between the a and 8 anomers by Barker.2,3 The same
region was also interpreted for several deoxy-compounds by Barker.4 The litera-
ture on the interpretation of the vibrational spectra of the carbohydrates prior
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to 1957 has been reviewed by Neely.5 More recent reviews have been published by
Spedding6 and Tipson. 7
The results of these many investigations indicate the limitation of the
group frequency approach. The group frequency approach is useful in that it
allows one to make general comments as to the chemical composition of the com-
pound based on certain characteristic frequencies. However, the majority of
vibrational modes are composed of numerous atomic motions within a molecule. At
this point the assumption of molecular moieties vibrating independently from the
rest of the molecule is no longer valid. This has been shown to be the case for
the vibrations having frequencies below 1200 cm- 1 in the carbohydrates.
APPLICATIONS OF NORMAL COORDINATE ANALYSIS
Normal coordinate analysis (NCA) is available for the calculation of vibra-
tional frequencies and the associated molecular motions for any given molecule.
The application of NCA to even relatively simple molecules, however, has been
limited by the volume of computational work which is required. The advent of
high speed digital computers allowed the application of NCA to these simple
molecules and, in time, to more complex carbohydrates. In 1963, Schachtschneider
and Snyder8, 9 published a definitive work on the application of high speed digi-
tal computers to the NCA of a homologous series of compounds. They were able to
fit the calculated frequencies to the observed frequencies for a series of n-
paraffins by adjusting a set of force constants common to the group of molecules.
Snyder and Schachtschneider10 extended their work to other saturated hydrocar-
bons including cyclohexane. This work demonstrated the applicability of NCA to
a series of large complex molecules. It also established a procedure for




The NCA of several ether compounds, including tetrahydropyran, was reported
in 1967 by Snyder and Zerbi.11 A NCA of cyclohexane tetrahydropyran and other
related oxanes has been reported by Pickett and Strauss 1 2 utilizing the method
of Schachtschneider and Snyder. These studies also demonstrated the applicabil-
ity of NCA in the interpretation of the vibrational spectra of relatively
complex molecules.
Workers at Case Western Reserve have published a series of articles using
NCA in the interpretation of the vibrational spectra of several carbohydrates.
The NCA of o-D-glucose was reported by Vasko1 3 in 1972. This NCA was performed
utilizing force constants from various literature sources with no attempt at
refinement. This work produced a more detailed interpretation of the vibrational
spectrum of a-D-glucose than previously reported. However, the use of literature
values for force constants without any refinement makes the results somewhat
questionable. There is also some question concerning the assignment of observed
fundamental frequencies. Further work on D-glucose has been reported by Cael. 14
Particular attention was paid to vibrations sensitive to anomeric configuration.
This work was extended to some polysaccharides, including a cellulose I model,
by Cael.15 ,1 6 Again, force constants were taken from the literature without
refinement. In order to facilitate the calculations for the cellulose I model,
certain assumptions were made concerning its geometrical structure. The major
assumption was that the cellulose I model possessed an axis of twofold screen
symmetry. The representation of cellulose I with a model having twofold screw
symmetry has been questioned on the basis of x-ray diffraction studies.17
Cael reached the general conclusion that above 1200 cm- 1 the vibrations are
localized within an anhydroglucose unit but that significant coupling exists
between neighboring residues for frequencies below 1200 cm-1 .
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Recently, Zhbankov 17 has published an NCA of cellobiose. It appears that he
used the same set of force constants used by the workers at Case Western
Reserve1 3- 16 and the crystal structure for cellobiose published by Chu and
Jeffrey 1 8 as the basis for his calculations. A software package similar to that
published by Schachtschneider and Snyder8,9 was developed without the option
for refinement of the force constants. The results were not presented in
detail; the normal modes of vibration were discussed in general terms. This
work demonstrates that NCA can be a useful tool in the investigation of the
vibrational spectra of disaccharides and it presents a more detailed interpreta-
tion of the vibrational spectrum of cellobiose than was previously available.
However, it is difficult to assess the results of this work due to the general
manner of their presentation.
NORMAL COORDINATE ANALYSIS OF MODEL COMPOUNDS
The vibrational spectra of several model compounds have been interpreted in
thesis work at The Institute of Paper Chemistry. These compounds are the 1,5
anhydropentitols, the acyclic alditols, the pentoses, the glucopyranoses, and
the inositols. The purpose of these studies was to establish a basis for the
interpretation of the vibrational spectra of the carbohydrates in general and
cellulose in particular.
Pitzner1 9 ,2 0 investigated the vibrational spectra of the 1,5 anhydropentitols
using NCA. This class of compounds was chosen because it represents the first
step from tetrahydropyran to the saccharide structures. Pitzner interpreted and
assigned the solid state spectra for 1,5 anhydroxylitol, 1,5 anhydroribitol, and
1,5 anhydroarabinitol. A nonlinear least squares technique based on the method
of Fletcher and Powell2i was employed for the refinement of force constants
-8-
after the linear Gauss-Newton-Rapson method used by Schachtschneider and Snyder 8,9
proved unsuccessful. Good agreement was obtained between the calculated and
observed frequencies. Spectral differences were attributed to conformational or
"G matrix" effects. Calculated frequencies were also obtained for the compounds
studied in which the rings were "flipped," (i.e., the conformation of the rings
was changed from the C1 to the higher 1C conformation). The calculated frequen-
cies for these alternative conformations agreed with "new" bands observed in the
solution spectra of the compounds. This agreement was taken as support for the
set of force constants obtained.
This work was followed by the investigation of several acyclic alditols by
Watson.22 A set of force constants was developed for erythritol, ribitol, and
xylitol which gave good agreement between the observed and calculated frequencies.
This force field was then used to predict the spectrum of another pentitol,
namely D-arabinitol, which had not been included in the refinements. The
agreement between the observed and calculated frequencies for this compound was
taken as evidence in support of the developed set of force constants. This
agreement also demonstrated the predictive capability of a carefully developed
set of force constants.
The next class of compounds to be studied was the pentose sugars investi-
gated by Edwards.2 3 This set of compounds was a progression from the 1,5
anhydropentitols in that they include an anomeric hydroxyl. Edwards found that
the inclusion of this anomeric hydroxyl substantially complicated the refinement
of a set of force constants which would provide good agreement between the
observed and calculated frequencies. He was able, however, to obtain a set of
force constants which would yield good agreement between the calculated and
observed frequencies for the pentose sugars 0-arabinose, B-lyxose, and a-xylose.
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By using this set of force constants to predict the vibrational spectra of a and
B methyl xylopyranoside, Edwards was able to demonstrate the predictive capability
of force constants for similar compounds.
The next step in this progression has recently been completed by Wells2 4 in
his investigation of the vibrational spectra of the hexoses. A forty-six param-
eter force field was developed which allowed good agreement between the calcu-
lated and observed frequencies for a-D-glucose, B-D-glucose, and several
deuterated analogs. This set of force constants was also applied to a-mannose,
a-mannose, c-galactose, and 8-galactose with good agreement between the calcu-
lated and observed frequencies. Wells also investigated the effect of hydroxy-
methylene conformation on the calculated frequencies for glucose, galactose, and
mannose. The comparison of the calculated frequencies for the three hydroxy-
methylene conformations with the observed frequencies allowed the prediction of
a preferred conformation which was in agreement with other observations for glu-
cose and galactose. The comparison for mannose yielded uncertain results.
Another investigation has recently been completed by Williams25 in which the
vibrational spectra of the inositols were studied. The symmetry of these com-
pounds allowed a much more precise assignment of the calculated frequencies to
the observed frequencies. Since fewer force constants were required, due to the
lack of a ring oxygen, Williams was able to assess the extent to which second
order effects perturb the experimentally observed frequencies of the fundamental
modes of vibration. This also allowed him to make a critical evaluation of the
assumptions inherent in the normal coordinate calculations. He was able to
establish that second order effects were the major source of error between the
calculated and observed frequencies and that the assumptions inherent in the
normal coordinate calculations are valid.
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The series of investigations of the vibrational spectra of the model com-
pounds has formed the foundation for the interpretation of the vibrational
spectra of these carbohydrates. One of the most ubiquitous carbohydrates is
cellulose. It is a very important chemical; yet, its precise structure is the
subject of much debate. One aspect of the debate centers on the fact that
cellulose can exist in numerous polymorphic forms. One can identify the poly-
morphic form by either the x-ray diffractogram or the vibrational spectrum,
either Raman or infrared, of the sample.
It is the purpose of this thesis to investigate the vibrational spectra of
several compounds closely related to cellulose entering on the effect of confor-
mation on the calculated and observed frequencies of these compounds. This will
yield a better understanding and interpretation of the differences between the
vibrational spectra of the various polymorphic forms of cellulose, particularly
cellulose I and cellulose II. The investigation will therefore focus primarily
on the vibrational regions where differences have been observed between the
vibrational spectra of cellulose I and cellulose II. The vibrational spectra of
several related disaccharides will be investigated initially. A better
understanding of the types of motions and the interactions of these complex
motions will be gained from this work. This information will be used as a guide
in an investigation of the effect of conformational changes on the calculated
frequencies of cellobiose. The vibrational spectra of cellotetraose will be
investigated utilizing normal coordinate calculations. The results of these
calculations will be applied to the interpretation of the vibrational spectra of
cellulose I and cellulose II.
Other regions of the vibrational spectra, particularly the O-H stretching
region, will be investigated and interpreted with regard to compound structure.
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SECTION II
AN INVESTIGATION OF THE VIBRATIONAL SPECTRA OF SEVERAL DISACCHARIDES
INTRODUCTION
As discussed earlier, the vibrational spectra of several model compounds
have been interpreted in thesis work at The Institute of Paper Chemistry. The
purpose of these studies was to establish a basis for the interpretation of the
vibrational spectra for the carbohydrates in general and cellulose in particular.
This thesis extends the work to several related disaccharides which may serve as
model compounds for cellulose. These include cellobiose, methyl 0-cellobioside,
and c-lactose. Also included in this investigation are the disaccharides
maltose and xylobiose.
EXPERIMENTAL
Cellobiose, c-lactose, and maltose were obtained from a commercial source.
Xylobiose and methyl a-cellobioside were obtained from sources at The Institute
of Paper Chemistry.26,27
The observed frequencies for this investigation were the infrared and Raman
spectra for the compounds being considered. The infrared spectra were recorded
on a Perkin Elmer Model 621 Infrared Spectrophotometer. The Raman spectra were
recorded on a Jobin Yvon Raman Spectrophotometer interfaced with a Tracor
Northern TN-1500 minicomputer for data acquisition and analysis. The observed




I I I I I I I I I I
100 200 300 400 500 600 700 800 900 1000
WAVENUMBER (CM-')




I I I I I I I I I
2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
WAVENUMBER (CM -1)





LL . II * . I I A A I , A I A L LI I A I I . I 1 I A I I I




4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200
WAVENUMBER (CM')






I I _I I I I I I I I I ! I
100 200 300 400 500 600 700 800 900 1000 1100 1200 13
WAVENUMBER (CM-')
II I I I I I I I I I I
2700 2800 2900 3000 3100 3200 3300 3400 3500 3600 3700
WAVENUMBER (CM')
I I I 160
00 1400 1500 1600








I ,., i ,I I ,I a, I I ,1 I I , I I I . I , l , I l I . I 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200
WAVENUMBER (CM - ')
LIQUID NITROGEN
TEMPERATURE
IIp. I*., I IS, . I I,, I I I I I I I I , I I I I 
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200
WAVENUMBER (CM-1)






I .. I I I I I I I I
100 200 300 400 500 600 700 800 900
WAVENUMBER
I I I I




Figure 5. Raman spectrum of xylobiose.
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Figure 6. Infrared spectrum of xylobiose.
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Figure 7. Raman spectrum of a-lactose.
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Figure 8. Infrared spectrum of a-lactose.
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Figure 9. Raman spectrum of maltose.
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Figure 10. Infrared spectrum of maltose.





The logic involved in the normal coordinate analysis performed during the
course of the thesis work is described below. Particular emphasis is placed on
the choices of structures, internal coordinates, and force constants. The
general flow of the computer programs with appropriate inputs and outputs is
presented in Fig. 11. A detailed description of the normal coordinate analysis
can be found in many texts2 8-3 0 or in Appendix I. A copy of the programs used
and some appropriate input data have been left in tape form at the Computer
Center of The Institute of Paper Chemistry.
The computer programs are slightly modified versions of the normal coor-
dinate software package written by Schachtschneider and Snyder8,9 and some
additional programs developed at IPC. It can be seen in Fig. 11 that the main
inputs are structural information, internal coordinate definitions, and the "Z
matrix" force constants. These inputs will be described below.
Structural Information
The structures used for the normal coordinate calculations of cellobiose,
methyl 8-cellobioside, and a-lactose were based on the reported crystal struc-
tures of these compounds. 1 8, 3 1, 3 2 The normal coordinate calculations assume the
molecule to be totally isolated. The methanol in the unit cell of methyl 8-
cellobioside and the water in the unit cell of a-lactose were not included in
the structures for the calculations to satisfy the isolated molecule approxima-
tion. The program CARTSET was used to determine bond lengths, bond angles, and
dihedral angles from the fractional atomic coordinates for these compounds.
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General flow diagram of computer programs.
The only changes were made with regard to the hydrogen positions. The C-H bond
lengths were set at 1.10 A and the O-H bond lengths were set at 0.97 A regard-
less of the values obtained from the fractional atomic coordinates. This was
done because the x-ray crystal structures yield very short C-H and O-H bonds and
to be consistent with previous work on NCH. 2 1-2 4 The dihedral angles defining 
the hydrogen positions within the hydroxymethylene units were set such that the
carbon assumed an idealized tetrahedral configuration. The structures of
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cellobiose, methyl 8-cellobioside, and a-lactose are illustrated using "ball
and stick" drawings in Fig. 12. The CARTSET and CART input data for these three
disaccharides are included in the data on tape at the Computer Center.
Figure 12 also included representations of the structures used for xylobiose
and maltose. The structure of xylobiose was obtained by taking the above cello-
biose structure, removing the hydroxymethylene units and assuming that the C5's
were tetrahedral. This was done because there is no reported crystal structure
for xylobiose. A reported crystal structure could not be found for maltose.
However, there is a reported crystal structure for methyl 8-maltopyranoside. 33
The structure used for maltose was obtained by taking this methyl 8-maltopyrano-
side structure, removing the methyl group and making the same changes regarding
the hydrogen positions as was made for cellobiose.
Internal Coordinate Definitions
Imperative to the normal coordinate calculations is the selection of a set
of internal coordinates which may be used to describe all motions of vibration,
for the molecule under consideration. The number of internal coordinates is
3N-6, where N is the number of atoms. Having more than 3N-6 internal coor-
dinates "overdefines" the system and leads to redundant coordinates. However,
having these redundant coordinates does not hinder the calculation of a unique
transformation between cartesian to internal coordinates. The types of motion
used in the normal coordinate calculations for the compounds under consideration
consist of bond stretching, bond bending, and torsional motions. These motions,
their determination, and the calculations associated with them are described in
Appendix I. The bond stretching motions associated with the O-H and C-H bonds
were not included in the calculations. It has been demonstrated3 4 that the
exclusion of these motions has only a slight effect on the calculations for
-25-
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Figure 12. Structures used in calculations.
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glucose. The number of internal coordinates can be obtained by taking 3N-6,
adding all of the redundancies and subtracting the number of coordinates not
included in the calculation. For example, the number of internal coordinates
for cellobiose is 131. This is equal to 129 (3N-6) plus 24 (redundancies in
each ring plus 1 redundancy at each carbon atom) minus 22 (14 C-H stretched and
8 0-H stretches).
Force Constant Selection
The potential energy for the calculated vibration of a molecule is described
by a set of force constants for the internal coordinates and selected interac-
tions between the internal coordinates. It is necessary to select force
constants well suited to the molecules being considered in order to accurately
reproduce the vibrations of the molecules. The majority of the force constants
used in this investigation come from the normal coordinate analysis of the
glucopyranose.2 4 In that study Wells systematically adjusted the force
constants to obtain the optimum fit of the calculated frequencies to the
observed frequencies for several glucopyranoses. The similarity between the
glucopyranoses and the compounds studied indicates that these force constants
should be well suited for their intended purpose.
The force constants are the coefficients in the potential energy expansion
in terms of internal coordinates. The expression is presented, in simplified
terms, in Eq. (1). (See Appendix I for more details.)
2V = X I fij qi qj (1)
i j
where V = potential energy
q = internal coordinate
f = force constant
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Units of the force constants are therefore determined by the units of the inter-
nal coordinates. Table 1 presents the units of the internal coordinates and the
diagonal force constants. The units of the off-diagonal, or interaction,
constants may be determined from a combination of the units from the appropriate
internal coordinates. The seemingly unusual units for the bending force
constant results from requiring f. a2 , where a is an angle, to have the same
units of energy as frr r2, where r is an extension of a bond. The interaction
constants may be viewed as completing the potential energy expansion and an
indication of the degree of interaction between the internal coordinates.
Table 1. Units of internal coordinates and diagonal force constants.
Internal Coordinate Units of qi Units of fii
Bond stretching A mdyne/A
Bond bending rad mdyne A/rad2
Torsion rad mdyne/rad
The C-O-C bending motion located at the glycosidic linkage is not present in
any of the hexoses studied by Wells. Therefore, a comparison of C-O-C bending
constants was made to obtain a reasonable force constant for this motion. These
values are contained in Table 2. From these data, a value of 1.315 mdyne A/rad2
was selected.
Table 2. Comparison of C-O-C bending constants.
Value




1.313 Snyder and Zerbi, 1 1
also Cael, 14 - 16
Vasko 13, and Zhbankov 17
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Wells2 4 assumed that all of the C-O stretching motions could be described by
a single force constant. This reduced the number of force constants required to
describe the vibrations. The good agreement which was obtained between the
calculated and observed frequencies attests to the validity of this assumption
for the glucopyranoses. This assumption was questioned for the disaccharides
and the cellodextrins because of the addition of the C-O stretching motion at
the glycosidic linkage(s). The C-O stretching constants were compared for a
wide range of compounds. It was found that there was a high degree of correla-
tion between the bond distance and the value of the force constant. This is
consistent with the previous observations made by Becker3 5 for a series of
halides. The comparison is presented in Fig. 13 for C-O stretching force constant
versus bond distance. The range of C-O bond lengths for cellobiose is also
indicated in Fig. 13. The relationship between force constant and bond length
was assumed to be linear in the region of C-O bond lengths found in cellobiose.
The force constants for the C-0 stretching motion for cellobiose were determined
by the assumed linear relationship shown in Eq. (2). The values of the C-0
stretching constants, C-0 bond lengths, and references are given in Table 3.
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Figure 13. C-0 stretching force constant (mdyne/A) versus C-0 distance (A).
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The force constants for the motions of the internal coordinates and the
selected interactions are listed in Table 4. The heavy atoms, carbon and oxy-
gen, have been grouped together for the interaction constants as they were for
the glucopyranoses. 2 4 They are denoted by A, B, C, and D, or W, Z, Y, and Z for
these interactions. The convention is that W-(X-Y)-Z denotes the bend-bend
interaction for:
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14 0.0250 C-C-O-H torsion
15 0.1000 C-C torsion





19 0.1203 C-O,C-0 common C

















29 0.1571 H-C-C-H trans
30 -0.0239 H-C-C-H gauche
31 0.0250 H-C-C-C trans
32 0.0204 H-C-C-C gauche
33 0.1240 H-C-C-0 trans
34 -0.1895 H-C-C-0 gauche
35 -0.0902 H-O-C-C trans
36 -0.1668 H-O-C-C gauche
37 0.1849 H-C-O-C trans
38 0.0243 H-C-O-C gauche
39 0.0401 H-O-C-H gauche
40 -0.0122 A-B-C-B trans (heavy)






aAs determined from Eq. (2).
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COMPARISON OF CALCULATED AND OBSERVED FREQUENCIES
The calculated frequencies for the five disaccharides are compared to repre-
sentations of their respective Raman spectra in Fig. 14 through 18. The repre-
sentations consist of computer plots of the Raman spectra with values taken
every 6.4 cm- 1. The general trends of the observed frequency distributions are
reproduced to a high degree by the calculated frequencies. No assignment of
calculated to observed frequencies was attempted. No force constants were
refined. Therefore, it is not appropriate to discuss the average error and the
degree of correspondence of individual calculated to observed frequencies.
Figures 14 through 18 are presented to illustrate that the calculated frequencies
reproduce the general trends of the observed frequencies for all five
disaccharides.
INTERPRETATION OF THE VIBRATIONAL SPECTRA
An important result of the normal coordinate calculations for the disac-
charides is the potential energy distribution for each calculated frequency.
The potential energy distributions are the basis for the interpretation of the
observed frequencies in terms of atomic motions. The potential energy distribu-
tions are calculated in terms of the relative contribution of the diagonal force
constants in the solution of the normal coordinate calculations. The potential
energy contributions for a particular frequency will be approximately 100% pro-
vided that the contributions from off-diagonal terms are not significant. The
deviation of this sum from 100% is an indication of the contribution from off-
diagonal terms. This contribution of the off-diagonal terms or interaction
constants is an indication of the amount of coupling between the internal coor-
dinates for a particular frequency. Therefore, the degree to which the sum of
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Figure 14. Calculated and observed spectra for cellobiose.
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Figure 16. Calculated and observed frequencies for xylobiose.
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Figure 17. Calculated and observed frequencies for a-lactose.
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the potential energy contributions deviate from 100% is an indication of the
degree of coupling for that individual frequency.
Figure 19 provides a graphical summary of the potential energy contributions
for the disaccharides investigated. The upper section described the normal
modes in the conventional group frequency terminology and the lower area shows
the primary ranges of potential energy contributions. These results agree with
the group frequency literaturel- 7 and, with only two exceptions, agree with the
previously published carbohydrate calculations. 13- 2 5 The first exception is
that the C-O-H bending motions are calculated at slightly higher wavenumbers in
this study than some previous studies 1 3-2 3 but in agreement with Wells' study of
the hexoses. 2 4 Secondly, a large methine deformation localized at the hydroxy-
methylene (C6) positions was found at approximately 890 cm- l in this study.
This was reported for the normal coordinate analysis of cellobiosel7 but not in
any of the other studies.13-16,19-24
The vibrational spectra of the disaccharides may be divided into six sec-
tions for the purpose of discussion. Regions II through VI are indicated in
Fig. 19. Length prohibits the discussion of each individual band. The region
3500-2650 cm- 1 encompasses the 0-H and C-H stretching modes which were not
included in the NCA. The methine (C-C-H and O-C-H), hydroxyl (C-O-H), and
methylene (H-C-H) bending motions dominate the region 1500-1150 cm- 1. The
contributions to the third region, 1150-850 cm- 1, are mainly the C-C and C-0
stretching motions with the methine motions at the hydroxymethylene positions
dominating the frequencies 890-850 cm- 1. The region 850-400 cm- 1 is composed of
heavy atom bending (C-C-0, 0-C-O, and C-O-C) and heavy atom stretching motions.
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Figure 19. General potential energy distributions for the disaccharides.
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with some C-C and C-0 stretching motions. Below 300 cm-1 the calculated fre-
quencies are dominated by the torsional motions combined with some contribution
from the heavy atom bending. This division into six regions is not meant to
constitute a rigorous categorization of the different types of atomic motions.
The majority of the calculated frequencies are composed of many types of motion
and the complexity of the motions associated with these frequencies will become
apparent in the following discussion.
Figures 20 through 22 are computer drawings of the potential energy contri-
butions for the calculated frequencies between 1600 cm-1 and 50 cm- 1. The data
for these drawings are the relative contributions of the diagonal force
constants to each calculated frequency. These are referred to as the potential
energy distributions (or PEDs). As was discussed earlier, the sum of the PEDs
may deviate from 100% and the amount of this deviation can be used as a measure
of the relative coupling between the internal coordinates. Figures 20 through
22 are the basis for the drawings which will be used in the following
discussion of the individual regions.
Region I: 3500-2650 cm- 1
The region 3500-2650 cm-1 contains the bands in the vibrational spectra
arising from the 0-H and C-H stretching motions. As discussed earlier, these
motions were not included in the normal coordinate calculations. This exclusion
is comparable to assigning infinite force constants to these stretching motions
and disregarding any interactions which may occur with the included motions.
The effect of not including these motions for glucose was investigated by Wells.3 4
He found that the exclusion had only a minimal effect on the calculated frequen-
cies.
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The 0-H stretching modes for the disaccharides occur between 3500 and 3150
cm- 1. The bands in this region are affected by intermolecular and intramolecu-
lar hydrogen bonding and crystal effects. These bands are very intense in the
infrared and weak to moderate intensity in the Raman. It is beyond the scope
of this work to provide a detailed interpretation of these frequencies for the
disaccharides.
The C-H stretching modes occur in the region 2970-2880 cm -1 and were
observed in both the infrared and the Raman spectra of all the disaccharides.
These bands are very intense in the Raman, often being the most intense bands in
a given spectrum. In contrast, they are only of moderate intensity in the
infrared.
Region II: 1500-1150 cm- 1
The potential energy distributions show this region to be dominated by the
methylene (H-C-H), hydroxyl (C-0-H), and methine (C-C-H and 0-C-H) bending
motions. The relative contributions of these motions are illustrated in Fig. 23
for this region. Again, Fig. 23 is based on the computer drawings shown in Fig.
20.
H-C-H C-O-H
n r\ __ H-C-O
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Figure 23. Major potential energy contributions for Region II.
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The methylene bending motions dominate the higher frequency region 1465-1440
cm-1. The displacements for the normal mode calculated at 1460 cm-1 for cello-
biose are illustrated in Fig. 24. Drawings have been made for the various nor-
mal modes of all the disaccharides. All the disaccharides demonstrate similar
motions for each region of their calculated spectra. Cellobiose was chosen as
being representative to avoid confusion when comparing the displacements for the
normal modes. The displacements in Fig. 24 are predominantly located at the
hydroxymethylene units and may be termed H-C-H scissoring motions. The hydroxyl
bending motions dominate the region 1440-1400 cm-l. The region 1400-1300 cm -1
has major contributions from the O-C-H bending motions which then combine with
the C-C-H bending motions to dominate the region 1300-1150 cm-l. These motions
are very complex but are composed primarily of the motions of the hydrogen
atoms. Representative displacements are illustrated in Fig. 25 and 26 for the
modes calculated at 1268 and 1222 cm- 1.
Region III: 1150-850 cm -1
The potential energy contributions for Region III are illustrated in Fig. 27.
It can be seen that the major contributions for this region are the C-C and C-0
stretching motions with the methine bending motions at the hydroxymethylene
positions dominating the region 890-850 cm-1. The observed spectra for all the
disaccharides show very intense bands in this region in both the infrared and
the Raman. The calculated frequencies for this region are very complex but can
be divided into two classes. The first class is illustrated in Fig. 28 with the
displacements for the cellobiose frequency calculated at 1072 cm-1 . This class
of motion contains significant motions in both rings. This indicates a high
degree of coupling of motions between the two rings. The other class of normal
mode calculated in this region has displacements localized within one of the two
-47-
Figure 24. Displacements for the cellobiose calculated frequency at 1460 cm-l.
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Figure 25. Displacements for the cellobiose calculated frequency at 1268 cm- 1.
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Figure 26. Displacements for the cellobiose calculated frequency at 1222 cm- 1 .
j
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rings. These frequencies have a complement having a very close value for its
frequencies and a concentration of motion in the neighboring ring. A pair of
these frequencies are illustrated in Fig. 29. In actuality, these frequencies
should combine to form a single observable band which would then be composed of
displacements in both rings. This also indicates a high degree of coupling of
the motions between the rings which constitute the normal mode.
This coupling between the rings must occur through the glucosidic linkage.
Any change in the glucosidic linkage, either its geometry or hybridization,
should result in a change in this coupling. Therein lies the significance of
the coupling, as a tool for the interpretation of frequency shifts and intensity
changes in this area observed when cellulose is chemically and physically
treated.
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Figure 27. Relative potential energy contributions for Region III.
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Figure 28. Displacements for the cellobiose calculated frequency at 1072 cm-1 .
-52-
NORMAL MODE 41 = 1110.CM.-1
NORMAL MODE 42 = 1107.CM.-1
Figure 29. Displacements for a pair of complementary cellobiose calculated
frequencies at 1110 and 1107 cm- 1.
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Further evidence of this high degree of coupling in this region can be
obtained from the sums of the PEDs. A measure of the degree of coupling for a
single calculated frequency may be obtained from the deviation of the sum of the
PED from 100% for that frequency. Figure 30 illustrates the sum of the PEDs
plotted against wavenumber for the calculated frequencies. The PED is deter-
mined solely from the diagonal force constants and the more the sum of the PED
deviates from 100%, the greater the amount of coupling for that calculated fre-
quency. The sums of the PED in the region 1100-1000 cm- 1 deviate significantly
from 100% with the greatest sum of PED exceeding 150%. Although no absolute
degree of coupling can be assigned, this indicates a high degree of coupling
between the motions composing the normal modes in this region, namely C-C
stretching, C-0 stretching, and heavy atom bending.
It is evident from the data that both the C-0 and C-C stretching motions are
contributing to the calculated frequencies in this region and that they are
highly coupled. Both of these factors contribute to the intense bands observed
in this region for both the infrared and the Raman spectra of the disaccharides.
The C-0 stretching motions are responsible for the intense bands in the infrared
due to the large change in dipole moment for these motions. The C-C stretching
motions are responsible for the intense bands in the Raman due to a large change
in polarizability associated with these motions.
The frequencies calculated in the region 890-850 cm- 1 are dominated by the
methine bending motions localized at the hydroxymethylene positions in all the
disaccharides except xylobiose where this group is not present. In xylobiose,
the methine bending motions at the C5 positions dominate this region. The
displacements associated with the cellobiose normal mode calculated at 869 cm-1
are illustrated in Fig. 31. The displacements can be seen to be localized at the
-54-
C6 positions with minor motions throughout the rest of the molecule. The
implications of this observation relative to the spectra of higher molecular
weight compounds will be discussed following the discussion of the effect of
conformational changes on the calculated frequencies for cellobiose.
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Figure 31. Displacements for the cellobiose calculated frequency at 869 cm- 1.
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Region IV: 850-400 cm- 1
The observed frequencies for this region are relatively well spaced and of
moderate intensity in both the infrared and Raman spectra of all the disaccha-
rides. The calculated frequencies for this region are also well spaced and are
a good representation of the general distribution of the observed bands. The
potential energy distributions show this region to be dominated by heavy atom
(C-C-0, 0-C-O, and C-O-C) bending motions and C-0 and C-C stretching motions.
The relative contributions are illustrated in Fig. 32. The potential energy
distributions are very delocalized for this region indicating very complex
molecular motion for the normal modes in this region. A representative dis-
placement drawing for this region is presented in Fig. 33.
C-C-0
f % C-0-
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Figure 32. Relative potential energy contributions - Region IV.
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Figure 33. Representative normal mode displacements for Region IV -
cellobiose normal mode at 460 cm-1.
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Also included in the infrared spectra of the disaccharides for region IV are
bands corresponding to hydroxyl out of plane bending motions at approximately
750 cm-1. These bands do not have corresponding Raman bands and are very sen-
sitive to temperature, shifting as much as 50 cm-1 upon cooling to liquid nitro-
gen temperature (approximately -180°C). This motion was not reproduced by the
normal coordinate calculations for the disaccharides nor was it reproduced for
the hexoses by Wells' calculations.2 4 This inability of the NCA to reproduce
this observed frequency has been criticized by Michell.4 0 The high temperature
sensitivity of these bands indicates that they are most likely highly influenced
by the intermolecular hydrogen bonding in the solid or other crystal affects.
These types of interaction were not included in the normal coordinate calcula-
tions due to the assumption of a totally isolated molecule. Therefore, it is
not surprising that this type of motion is not reproduced by the calculations.
Region V: 400-300 cm- 1
Figure 34 illustrates the major components for the motions calculated for
the vibrations contained in Region V. The motions involved for the frequencies
in this region are primarily C-C-C and C-C-0 bending motions. These motions are
customarily referred to as either ring breathing or ring bending motions. The
observed frequencies for this region are of moderate to strong intensity in the
Raman and of moderate intensity in the infrared spectra of all the disaccha-
rides. As in Region IV, the motions for this region are very complex involving
almost every heavy atom in the molecule. The distinguishing feature of the
motions for the normal modes in this region is that there is significant motion
of the oxygen atom at the glycosidic linkage. The displacements for the cello-
biose normal mode calculated at 361 cm- 1 are illustrated in Fig. 35 and
demonstrate the significant motion of the glycosidic oxygen. Since the frequen-
cies in this region are represented by motions of the glycosidic oxygen, any
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change in either the geometry or hybridization of the glycosidic linkage should
have an effect on the position and intensity of observed frequencies between 400
and 300 cm-l. The reader is reminded of the same type of sensitivity in Region
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Figure 34. Relative potential energy contributions for Regions V and VI.
Region VI: Below 300 cm -1
The major components calculated for the molecular motions for this region
are the torsional motions with some contributions from the C-C-0 bending
motions. The relative contributions for this region are illustrated in Fig. 34.
The torsions consist of out of plane bending motions about the C-C and C-0 bonds
within the molecules. The observed frequencies for this region are weak in both
the infrared and Raman with only a few exceptions.
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Figure 35. Displacements for the cellobiose calculated frequency at 361 cm- 1
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Also included in this region are long range couplings and crystal vibrations
which cannot be reproduced by NCA. These bands can be visualized as standing
waves within a crystal lattice. The assumption of isolated molecules does not
allow the consideration of these effects and thus their nature cannot be inter-
preted based on the NCA results.
EFFECT OF VARYING THE CONFORMATION ON THE CALCULATED FREQUENCIES
OF CELLOBIOSE
Introduction
The differences between the structures of cellulose I and cellulose II has
been the subject of much debate. Some authors attribute the differences to the
packing arrangements of the chains, either parallel or antiparallel. 4 1- 4 4
Others contend that the differences lie in the conformations of the pendant
hydroxymethylene units along the chains.4 5,46 The structural differences be-
tween cellulose I and cellulose II have also been attributed to differences in
the dihedral angles about the bonds at the glycosidic linkages along the
chains. 4 7 -5 1 These interpretations have been based primarily on crystallo-
graphic data and the ability of the models to simulate observed changes between
the polymorphs. Another observed difference between cellulose I and cellulose
II lies in their vibrational spectra.4 7 The reader is referred to reference 48
for a discussion of these differences. These various hypotheses may be eval-
uated by the determination of the effect of the proposed changes on the calcu-
lated frequencies for a repeating unit of cellulose, namely cellobiose.
It is not possible to determine the effect of parallel versus antiparallel
chain packing due to the assumption of an isolated molecule in the normal coor-
dinate calculations. The ability of the NCA calculations to reproduce the
spectra of the disaccharides using the isolated molecule assumption indicates
J
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that the crystal effects have only minor impact on the actual frequencies.
Therefore, if only the packing arrangement, and not the conformation of the
chains, were altered, only slight changes in the vibrational spectra between
cellulose I and cellulose II should be observed. Significant differences do
occur between the spectra which cannot be explained solely by changes in packing
arrangement. Other changes, namely conformational changes of the cellobiose
model, were investigated in an attempt to explain the origin of the observed
spectroscopic differences.
In order to determine the effects of conformational changes on the calcu-
lated frequencies of cellobiose, calculations were performed for cellobiose
structures in which the C-O-C bridge angle, the hydroxymethylene conformations,
and the dihedral angles about the bonds at the glycosidic linkage were systema-
tically varied. These areas of conformational changes are illustrated in Fig.
36. The results of these sets of calculations will be treated separately.
2. Variation of the conformation
at the C6 positions
2. Variation of the conformation ). (
at the C6 positions U
Figure 36. Areas of conformational changes in cellobiose.
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Variation of the C-O-C Angle at the Glycosidic Linkage
The C-O-C angle at the glycosidic linkage in cellobiose, being 116 ° is
apparently in a strained state as compared to a "free" equilibrium value of 113 ° .
The free value is taken as that found in the ethers. This strained situation
can be visualized as a result of the Van der Waals repulsive forces between the
hydrogen atoms attached to the carbons on either side of the glycosidic linkage.
A comparison of any changes in the calculated frequencies with the observed dif-
ferences between the cellulose I and cellulose II spectra could suggest whether
the nature of the cellulose polymorphy might lie in the C-O-C bridge angle at
the glycosidic linkage. It was decided to perform a series of calculations in
which the C-O-C angle was 115 °, 117 °, and 118 ° to determine if changes in the
calculated frequencies might occur. The results of these calculations showed
that there was very little change in the calculated frequencies when the C-O-C
angle was changed. The possibility that changes in the C-O-C bridge angle might
account for the nature of the cellulose polymorphy was pursued no further after
these results.
Variation of the Hydroxymethylene Conformations
One of the differences between the observed vibrational spectra of cellulose
I and cellulose II is the intensity of the band observed at 890 cm- 1. This band
is weak in the infrared and very weak in the Raman spectra of cellulose I. It
increases in intensity for cellulose II becoming a sharp band of moderate intens-
ity in the Raman. These differences are shown in Fig. 37. The normal coor-
dinate analysis for cellobiose shows a calculated frequency in this region which
is comprised of primarily methine bending motions localized at the hydroxy-
methylene positions. It is likely that the motions associated with this band in
both cellulose I and cellulose II are comprised of similarly localized molecular
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motions. Zhbankov1 7 observed this effect in his normal coordinate calculation
for cellobiose. He used this observation to confirm his contention that the
differences between cellulose I and cellulose II lie in the conformations of the
pendant hydroxymethylene units. However, Zhbankov did not present any con-
firming evidence in the form of calculations for alternative conformations of
these hydroxymethylene units. A series of calculations for different hydroxy-
methylene conformations were performed in this study to test this hypothesis.
RAMAN INFRARED
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Figure 37. Infrared and Raman spectra for cellulose I and cellulose II -
800-900 cm-l1
The three preferred hydroxymethylene conformations for glucose are shown in
Fig. 38. The conformations are labeled according to the relative position,
either gauche (g) or trans (t), of the C6-06 bond to first the C5-05 bond and
then the C5-C4 bond. For example in the gt conformation, the C6-06 bond is
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gauche to the C5-05 bond and trans to the C5-C4 bond. The conformations con-
sidered in the calculations were the gt and gg conformations. The tg confor-
mation was not considered due to the steric hindrance of the hydroxyl oxygen at
C4. The gt conformation is the conformation present in the crystal structure of
cellobiose and gg was considered an alternative conformation. This allowed four
combinations of hydroxymethylene conformations for cellobiose which are
illustrated in Fig. 39.
steric hindrance
GT CONFORMRTION GG CONFORMRTION TG CONFORMRTION
Figure 38. Hydroxymethylene conformations for glucose.
There were several changes in the calculated frequencies when the hydroxy-
methylene conformations were changed. The differences in the calculated fre-
quencies for the four structures with varying hydroxymethylene conformation are
shown in Fig. 40 along with a representation of the Raman spectrum of cello-
biose. There were changes in the calculated frequencies in the low frequency
region, 400-300 cm- 1 which appeared to reflect the differences between the
observed frequencies for cellulose I and cellulose II. However, the largest
differences between the calculated frequencies for the structures occurred in
the region 900-650 cm -1. These changes in the calculated frequencies resulted
-66-
rELLOBIOSE STRUCTURE R - CRYSTHL STRUCTURE
FELLOBIOSE STRUCTURE C - BOTH C6'S GG
Figure 39. Four cellobiose structures
conformations.
rELLOBIOSE 5TRUCTURE B - C6' GG
rELLOBIOSE STRUCTURE D - C6 GG
with various hydroxymethylene
in the appearance of frequencies where there were no corresponding observed fun-
damental frequencies in celiobiose, cellulose I or cellulose II. This shift of
frequencies into a spectral region void of observed bands makes the possibility
of hydroxymethylene rotation suspect as a cause for the difference in celluloses
I and II. The composition of the shifted frequencies between 420 and 350 cm
-
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Figure 40. Comparison of calculated frequencies for cellobiose structures
having different hydroxymethylene conformations.
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further disputes this possibility. Table 5 presents the PED's for structure B
between 420 cm -1 and 350 cm- 1. It can be seen that the calculated normal mode
at 372 cm- 1 is highly torsional in nature. This is a very high frequency to be
primarily torsional and raises the question of either an unrealistic structure
or an error in the calculations. Several checks of the calculations resulted in
serious questions on the merit of the structure being representative. On the
basis of these observations it was concluded that the differences between the
vibrational spectra of cellulose I and cellulose II cannot be accounted for by
changes in the conformations at the hydroxymethylene units.
Table 5. PED's for structure B - 420 cm- 1 to 350 cm- 1.
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An interpretation of the difference in intensity of the observed band at 890
cm- 1 in cellulose I and cellulose II will be presented later. The differences
are interpreted in terms of changes in the dihedral angles about the bonds at
the glycosidic linkage. A basis for discussing these changes about the glyco-
sidic linkages must first be developed.
Effect of Changes in the Conformation About the Glycosidic Linkage
Upon the Calculated Frequencies for Cellobiose
A proposed difference in the structures of cellulose I and cellulose II is a
difference in the dihedral angles about the bonds participating in the glycosid-
ic linkages. 47- 5 1 The potential energy of interatomic interaction, or confor-
mational energy, has been calculated for various values of the dihedral angles
about the glycosidic linkage in cellobiose by Reese and Skerrett.5 2 Their work
forms a base for the discussion of changes in the dihedral angles about the
bonds at the glycosidic linkage. Their results have been used extensively in
this work. Their investigation will be discussed before proceeding to the
effect of conformational changes at the glycosidic linkage upon the calculated
frequencies of cellobiose.
The work on the conformational energy of cellobiose5 2 was performed in three
stages. First, a definition of the zero values and positive sense of rotation
for the dihedral angles, 4 and p, was adopted. This convention is illustrated
in Fig. 41. The second stage was the determination of the conformational energy
at 10° intervals of f and W. The conformational energy was obtained by summing
the potential energy of interaction for all the atoms in cellobiose. The poten-
tial energy is determined by the spatial separation of the atoms. Various func-
tions for the interaction term were used52 yielding comparable results. These
calculations resulted in the elimination of 96% of the possible conformations on
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the basis of hard sphere overlap. This is illustrated in Fig. 42 with the
allowed area outlined by the solid line and a marginally allowed region outlined
by the dotted line. Finally, calculations were performed within the allowed
region at 2° intervals of both 4 and i, and contour maps were constructed from
the sums of the potential energies. Figure 43 is a section of the allowed
region with the contour lines of conformational energy shown. It should be
noted that there are two energy minima in the contour map. The importance of
this will be emphasized later in the discussion.
.OH
HOH,C.
Figure 41. Scheme for variation of bridge-angle geometry in cellobiose
' = P = o°. Rotations are positive when each residue is





Figure 42. Allowed (enclosed by solid line) and marginally allowed (broken
line) cellulose conformations, using Set 4 coordinates with all
relevant contacts considered. Cellobiose (J), cellulose (H),
and cellulose (M) are marked as J, H, and M, respectively.
I '-------
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Figure 43. Conformational energy map (from Reese and Skerrett5 3). The
units of energy on this map are Kcal/mole.
Figure 44 shows a section of the allowed region containing further struc-
tural information. The two energy minima are illustrated by the solid curve.
The broken lines in Fig. 44 define the conformations with the same projected
repeat distance and the solid diagonal lines define those conformations with the
same screw symmetry. These values are important for comparison with limited
crystallographic data. The 03'...05 distances for the limits for the existence
of an intramolecular hydrogen bond are denoted by the dotted curves. It should
be noted that the two conformational energy minima are approximately equally
spaced from the line defining the structures with a twofold screw symmetry. The
representation of the crystal structure of cellobiose (marked J) is near one of
the minima and the representation of the crystal structure of methyl 0-
cellobioside (marked W) is near the other.
The five structures used in the calculations for cellobiose are represented
on Fig. 44 by the letters A through E. All of these structures lie within the
region bordered by bold lines and labeled "area of interest." This region is
defined by the lines defining the structures having projected repeat distances
of 5.1 and 5.2 A and by the lines defining the 03'...05 distances of 2.5 and 2.8
A. The repeat distances are consistent with the accepted value of 10.3 A for
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cellulose obtained from the crystallographic data. The 03'...05 distances of
2.5 and 2.8 A are reasonable limits for the existence of an intramolecular
hydrogen bond between the rings as shown in Fig. 45. The effect of this intra-
molecular hydrogen bond was not included in the potential energy calculations by
Reese and Skerrett. It if had been included, it would have reduced the total
conformational energy for the region which allows the hydrogen bond. This
reduction in total conformational energy would cause the two energy minima to
expand toward, and probably into, the region marked "area of interest" in Fig.
44. This together with the agreement with the crystallographic data, implies
that the area on the (-p contour map considered in these calculations represents
the most likely conformations about the glycosidic linkages for cellulose (both
cellulose I and cellulose II).
Figure 44. <-p Contour map containing further structural information.
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CELLOBIOSE CRYSTAL STRUCTURE
Figure 45. Cellobiose structure with intramolecular hydrogen bond illustrated.
The effect of conformational changes about the glycosidic linkage upon the
calculated frequencies for cellobiose was localized in the frequency range
400-300 cm -l. This is the same region in which differences were observed between
cellulose I and cellulose II. The five structures used in the calculations are
shown in Fig. 46. Again, their representations on the <-* contour map are
labeled A through E on Fig. 44. It can be seen that the structures represent
both sides of the twofold screen symmetry line. The results of the NCA calcula-
tions for these structures reflect the observed differences between the observed
spectra of cellulose I and cellulose II in the region 400-300 cm-'. The struc-
tures having a right-handed screen symmetry (like methyl B-cellobioside) have
calculated frequencies similar to those of cellulose I, and the structures with
left-handed screw symmetry (like cellobiose) have calculated frequencies similar
to the observed frequencies of cellulose II. The calculated frequencies below
-74-
'ELLOBIOSE STRUCTURE E CELLOBIOSE STRUCTURE F
rELLOBIOSE CRYSTRL STRUCTURE
rELLOSIOSE STRUCTURE G
Figure 46. Five structures used in determining the effect of conformational
changes about the glycosidic linkage on the calculated frequencies
of cellobiose.
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1000 cm- 1 for the crystal structure of cellobiose and one cellobiose structure
with a right-handed screw axis are presented in Fig. 47 along with a represen-
tation of the Raman spectrum of cellobiose. The representation is a computer-
ized drawing of the Raman spectrum with the data digitized at 6.4 cm- 1
intervals.
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Figure 47. Comparison of calculated frequencies for cellobiose crystal
structure and cellobiose structure with right hand screw
symmetry with representation of cellobiose Raman spectrum.
The results of these calculations indicate that the differences between the
observed vibrational spectra of cellulose I and cellulose II can be attributed
to differences in conformation about the glycosidic linkages.
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It is appropriate to comment on the difference in the intensity of the bands
observed at 890 cm- l for cellulose I and cellulose II. The normal coordinate
analysis indicates that, for the disaccharides, bands in this region are com-
posed of methine bending motions localized at the hydroxymethylene positions.
This appears to be in conflict with the statement that differences in the
observed spectra of cellulose I and cellulose II can be attributed to confor-
mational differences about the glycosidic linkages. The conclusion, based on
the normal coordinate calculations for cellobiose, was that cellulose I has
conformation(s) about its glycosidic linkages similar to that found in methyl 8-
cellobioside, and cellulose II has conformation(s) similar to cellobiose. The
differences in intensity of the observed band at 890 cm -l may be interpreted in
terms of conformational changes at the glycosidic linkages also The interpre-
tation is based on the type of intramolecular hydrogen bond that would be
expected for the two types of conformations. The structures of methyl 8-
cellobioside and cellobiose are shown in Fig. 48 with the intramolecular hydro-
gen bonds indicated. The intramolecular hydrogen bond in methyl B-cellobioside
is bifurcated, including the hydroxymethylene oxygen, whereas the cellobiose
intramolecular hydrogen bond is isolated. The participation in the intramolecu-
lar hydrogen bond by the oxygen of the hydroxymethylene unit may account for the
difference in intensity of the band at 890 cm -l. In cellulose II, the hydroxy-
methylene units would be affected only by the intermolecular hydrogen bonding
and the sharp band which is observed. The intermolecular hydrogen bond effects
on this band in cellulose II are only minimal as indicated by the insensitivity
of this band to changes in temperature. A high temperature sensitivity is in-
dicative of a large influence by hydrogen bonding. In cellulose I, the motions
of the hydroxymethylene units could be hindered by the intramolecular hydrogen
bond because the bifurcation includes the oxygen at C6. This could account for
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the reduced intensity of the observed band at 890 cm -1 in cellulose I with
respect to the band for cellulose II. The perturbation by the bifurcated intra-
molecular hydrogen bond may be viewed as either coupling the hydroxymethylene
motions to the motions in the neighboring ring or changing the atomic orbitals
and therefore changing the shifts in polarizability and dipole moment which
account for the bands.
CELLOBIOSE CRYSTRL STRUCTURE METHYL BETR CELLOBI5SIDE
Figure 48. Structures of cellobiose and methyl 0-cellobioside illustrating
the intramolecular hydrogen bonds.
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CONCLUSIONS
The results of this section of the thesis work show that normal coordinate
analysis is a useful tool in the investigation of the vibrational spectra of
molecules as complex as the disaccharides. The atomic motions associated with
the vibrational frequencies below 1500 cm- 1 are very complex with a high degree
of coupling for the disaccharides. Calculations for a number of cellobiose con-
formations indicate that changes in the dihedral angles about the bonds at the
glycosidic linkage result in changes in the calculated frequencies similar to
the observed differences between the observed frequencies of cellulose I and
cellulose II. Based on these calculations, it was concluded that the differen-
ces between the observed spectra of cellulose I and cellulose II can be attrib-
uted to changes in conformation about the glycosidic linkages. These
differences in conformation about the glycosidic linkages can result in changes
in the type of intramolecular hydrogen bond present in cellulose I and cellulose
II. This difference in intramolecular hydrogen bonding can account for the
observed difference in intensity of the bands observed at 890 cm- 1 in cellulose
I and cellulose II vibrational spectra.
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SECTION III
INVESTIGATION OF THE VIBRATIONAL SPECTRA OF THE CELLODEXTRINS
INTRODUCTION
The results presented in Section II indicate that the differences in the
vibrational spectra of cellulose I and cellulose II may be interpreted in terms
of differences in conformation about the glycosidic linkages. The logical
extension of these results is the investigation of the vibrational spectra of
the higher cellodextrins with particular emphasis on the sensitivity of the
calculated frequencies to changes in conformation about the glycosidic linkage.
This has been done for cellotetraose with the results taken as representative of
the behavior of the higher cellodextrins.
EXPERIMENTAL
Chromatographic Separation of the Cellodextrins
The method chosen for obtaining the cellodextrin samples was the chromato-
graphic separation of hydrolyzed cellulose using a steric acid coated carbon/
Celite column eluted with a water/ethanol mixture. This method has been
described by Miller53 and has been successfully used by others.5 4 Recent advan-
ces in high performance liquid chromatography5 5 ,56 appear to offer a favorable
alternative to the method described below.
Column Preparation
Darco G-60 (400 g) and Celite 535 (400 g) were mixed with 3200 mL of 2.5%
stearic acid in absolute ethanol for 30 minutes. This slurry was suction
filtered on a 20 cm (8 inch) Buchner funnel and remixed with 3200 mL of 50%
(v/v) ethanol in water saturated with stearic acid. The slurry was again
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suction filtered on a 20 cm (8 inch) Buchner funnel and then placed in 2 liters
of 10% (v/v) ethanol in water and allowed to settle overnight. The mixture was
decanted with the thick slurry (adsorbent) set aside for use in packing the
column. It is believed that a more uniform packing is obtained when the thick
slurry is used as opposed to a dilute slurry.5 7
A glass chromatographic column, 150 cm x 5 cm inside diameter, with a medium
porosity fritted glass plate, was used for the separation. The column was first
washed with chromic acid, then nitric acid, and finally thoroughly washed with
distilled water before being packed. Approximately 10 cm of Celite 535 were
placed above the fritted glass plate in a slurry form to trap any carbon par-
ticles which might otherwise plug the fritted glass plate. The adsorbent was
poured into the column and allowed to settle. The resulting supernatant liquid
was forced through the column using air pressure (see Fig. 49) with care taken
that the liquid level did not drop below the top of the adsorbent. The column
was then washed with 4 liters of distilled water under 3 psi pressure and the
flow rate was measured at 1.5 mL/min. The height of the adsorbent above the
Celite plug was approximately 90 cm.
Hydrolysis of Cellulose
Whatman CF-1 cellulose powder (15 g) was first wetted with 100 mL of con-
centrated hydrochloric acid (37%, sp.gr. 1.19) in a 250 mL Erlenmeyer flask and
stirred for one minute at room temperature to yield a uniform suspension. One
hundred mL of fuming hydrochloric acid (42%, sp.gr. 1.21) was then added in one
portion. The fuming hydrochloric acid was prepared by bubbling HC1 gas from a
tank into concentrated hydrochloric acid, cooled to 0°C in an ice bath, until
the desired specific gravity was obtained. The resulting viscous solution was















Figure 49. Diagram of separation apparatus.
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time the solution was poured into 600 mL of ice-cold distilled water and neutra-
lized to pH 5.5 with portion-wise addition of 210 g of sodium bicarbonate. The
undesired gelatinous material was removed by suction filtration on Whatman No. 1
filter paper. The first portion was cloudy and returned to the filter. The
filtration was very slow taking approximately 3 hours. The filtrate, or hydrol-
yzate, was used for the fractionation on the chromatographic column.
Fractionation of the Hydrolyzate
The fractionation apparatus is illustrated in Fig. 49 and the fractionation
process was as follows. After the hydrolyzate was introduced into the column,
the column was washed with 2.5 liters of distilled water to remove the salt and
glucose present in the hydrolyzate. The top of the column was connected by
tubing to a 4 liter suction flask used as a mixing vessel. The mixing vessel,
operated with the aid of a magnetic stirrer, was filled initially with 4 liters
of distilled water and was fed from a reservoir containing 40% (v/v) ethanol.
Air pressure amounting to 3 psi was applied to the system at the reservoir. A
pressure release in the form of a tube protruding into a column of mercury was
placed before the reservoir inlet to prevent the total pressure from exceeding
10 psi. The system had been checked to assure it would withstand this pressure.
The eluate was collected in 19 mL fractions using a fraction collector. After
250 tubes, the feed solution in the reservoir was changed to 10 liters of 50%
(v/v) ethanol. A total of 400 tubes were collected. The flow rate decreased to
1 mL/min at the end of the separation.
Isolation of the Oligosaccharides
Colorimetric estimation of the carbohydrate content was used to locate the
oligosaccharide components. Six mL aliquots of color reagent composed of 0.2%
orcinol in 70% (v/v) sulfuric acid were added to 0.1 mL aliquots of every fifth
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tube of eluate and the mixtures were heated in a steam bath for 20 minutes. The
solutions were allowed to cool and absorbance and optical density at 550 nm were
measured using a Bausch and Lomb Spectronic 20 Colorimeter. The color producing
reaction is shown in Fig. 50. The heat and sulfuric acid break down the oligo-
saccharides to glucose which undergoes rearrangement to yield a furfural. The

















Figure 50. Color producing reaction used for locating the oligosaccharide
components.
It was possible to identify the components of the test tubes by plotting
optical density at 550 nm versus tube number. The components were identified
and pooled as indicated in Fig. 51. The fractions were evaporated to dryness at
reduced pressure on a rotary evaporator. A single separation yielded between
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Figure 51. Optical density versus tube number - cellobiose through
cellopentaose.
Recrystallization of the Cellodextrins
The cellodextrins were recrystallized by a method suggested by Dr. Chanzy.58
The method consists of allowing acetone to diffuse into an aqueous solution of a
particular cellodextrin. The cellodextrins are insoluble in acetone and precip-
itation occurs as the acetone concentration increases. A desiccator was used
for the diffusion as illustrated in Fig. 52. This process was also found suc-
cessful for recrystallizing xylobiose.59
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Figure 52. Apparatus for recrystallization of the cellodextrins.
Identification of the Cellodextrins
The purity of the cellodextrin samples was evaluated by a gas chromato-
graphic method developed by J. Martin MacLeod.6 0 The method consists of glc
identification of the TMS derivatives of the cellodextrins on a 2 mm x 2 m OV 17
column. The TMS derivatives were produced using the Trisyl concentrate.
Chromatograms were obtained for commercial samples of glucose and cellobiose and
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the cellodextrin samples from cellobiose to cellotetraose. Cellopentaose and
cellohexaose could not be detected by this method using the available equipment.
The first sample of cellotriose contained an estimated 10% cellobiose. A second
sample of cellotriose showed no cellobiose contamination and this second sample
was used in acquisition of the observed spectra.
Observed Spectra
The observed spectra for the cellodextrins consisted of the infrared and the
Raman spectra. The infrared spectra were recorded on a Perkin Elmer 621 Infra-
red Spectrophotometer. The Raman spectra were recorded on a Jobin Yvon Raman
Spectrophotometer interfaced with a Tracor Northern TN-1500 minicomputer for
data acquisition and analysis. The observed vibrational spectra for the cello-
dextrins are illustrated in Fig. 53 through 60. The vibrational spectra of
cellulose I and cellulose II are shown in Fig. 61 through 64.
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Figure 53. Raman spectrum of cellotriose.
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Figure 54. Infrared spectrum of cellotriose.
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Figure 58. Infrared spectrum of cellopentaose.
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Figure 59. Raman spectrum of cellohexaose.










Figure 60. Infrared spectrum of cellohexaose.
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Figure 63. Raman spectrum of cellulose II.
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Figure 64. Infrared spectrum of cellulose II.
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DESCRIPTION OF THE CELLOTETRAOSE STRUCTURES FOR THE CALCULATIONS
The Raman spectra for the cellodextrins and cellulose II below 1600 cm-1 are
presented in Fig. 65 for direct comparison. It can be seen that there are only
slight differences in the spectra for the oligomers cellotetraose and higher.
Therefore, an interpretation of the vibrational spectra of cellotetraose based
on normal coordinate analysis should also be applicable to the higher cello-
dextrins. Two cellotetraose structures were used for the normal coordinate
analysis for two reasons. First, there is not a published crystal structure of
cellotetraose to define a structural model to be used in the calculations.
Second, the use of two structures allows the evaluation of the effect of confor-
mational changes about the glycosidic linkage upon the calculated frequencies
for cellotetraose. This can be a test of the conclusions obtained in the cello-
biose calculations. The two structures were based on the atomic positions
within the nonreducing ring in cellobiose with the dihedral angles about the
glycosidic linkages set as in either cellobiose or methyl 0-cellobioside. The
first structure, with the dihedral angles at the glycosidic linkages set as in
cellobiose, is illustrated in Fig. 66. Figure 67 illustrates the second cello-
tetraose structure with the dihedral angles about the bonds at the glycosidic
linkage set as those found in methyl-cellobioside. The results of these calcu-
lations will be discussed separately in terms of a general interpretation of the
vibrational spectra of the cellodextrins and the effect of conformational
changes about the glycosidic linkages on the calculated frequencies for cello-
tetraose.
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Figure 65. Comparison of the Raman spectra of the cellodextrins.
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Figure 66. Illustration of the cellotetraose structure with linkages
similar to cellobiose.
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Figure 67. Illustration of cellotetraose structure with linkages as in
methyl 8-cellobioside.
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INTERPRETATION OF THE VIBRATIONAL SPECTRA OF THE CELLODEXTRINS
The vibrational spectra of the cellodextrins may be divided into six sec-
tions for the purpose of discussion as was done for the disaccharides (see
Section II). The basis for this interpretation, the normal coordinate calcula-
tions for cellotetraose, shows that the atomic motions are very similar to those
calculated for the disaccharides for every region of the vibrational spectra.
The first region is 3600-2650 cm-1 . This region is composed of the O-H and C-H
stretching motions for cellotetraose. The interpretation of the O-H stretching
region, 3600-3000 cm -1, is presented in Section IV. The C-H stretching motions
account for the strong observed bands between 2950 and 2800 cm- 1 in the cello-
dextrins. The region 1500-1150 cm- 1 is composed of methine (C-C-H and 0-C-H),
methylene (H-C-H) and hydroxyl (C-O-H) bending motions. The contributions to
the third region, 1150-850 cm- 1, are primarily the C-O and C-C stretching
motions with the bands calculated in the region 890-850 cm-1 dominated by the
methine bending motions localized at the hydroxymethylene positions. The region
between 850 and 400 cm- 1 is constituted of heavy atom (0-C-C, O-C-O, and C-O-C)
bending motion with some heavy atom stretching. The fifth region, 400-300 cm- 1,
is dominated by the C-C-C and C-C-O bending motions. This region has calculated
frequencies which are represented by significant motions of the atoms at the
glycosidic linkages in cellotetraose as well as the disaccharides. Below 300
cm 1 the motions are predominantly torsional motions with some heavy atom
bending. The detailed discussions of these regions for the disaccharides also
apply to the individual regions of the calculated cellotetraose frequencies.
The potential energy distributions greater than 2% are listed in Section IV for
the cellotetraose calculations. Figure 68 compares the calculated frequencies
for both cellotetraose structures with a representation of the observed Raman
-104-
RRMRNS SPECTRUn
j 1 0. 2z. mo. 40 SWo 6W. ro. aW. o.
WRVENLUTBER(CM-l
STRUCRIJRE R
-r-r-0-- T-.r---- r-. I -- 











Figure 68. Comparison of calculated frequencies for two cellotetraose
structures with a representation of the cellotetraose
Raman spectrum.
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spectrum of cellotetraose. The representation is a computer plot constructed
from data values taken at 6.4 cm- 1 intervals.
It can be seen in Fig. 68 that the general trends of the observed cello-
tetraose frequencies are reproduced by the calculated frequencies. The number
of calculated frequencies prohibits individual assignments of the calculated
frequencies to the observed bands.
EFFECT OF CONFORMATIONAL CHANGE AT THE GLYCOSIDIC LINKAGE ON THE
CALCULATED FREQUENCIES OF CELLOTETRAOSE
The two structures used in the calculations for cellotetraose are
illustrated in Fig. 66 and 67. Structure A, shown in Fig. 66, has all three
linkages as found in cellobiose. Structure B, shown in Fig. 67, has all three
linkages as found in methyl B-cellobioside. The calculations on various cello-
biose conformations indicated that a structure similar to structure B should be
found in cellulose I and a structure similar to structure A should be found in
cellulose II. The calculations for cellotetraose were done, in part, to test
these conclusions from the cellobiose calculations.
The calculated frequencies for these two structures are shown in Fig. 68 in
comparison with a representation of the Raman spectrum of cellotetraose. There
were many slight differences between the calculated frequencies for the two
structures. There was only one significant difference between the calculated
frequencies for structures A and B. This was in the frequency range 400-300
cm- 1. This difference reflects the observed difference between the observed
spectra of cellulose I and cellulose II. Furthermore, it is in agreement with
the prediction made from the cellobiose calculations that structure A would be
similar to cellulose II, and structure B would be similar to cellulose I. This
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has been taken as support for the conclusions made concerning the cellobiose
calculations. Those conclusions were that the observed vibrational spectra of
cellulose I and cellulose II can be accounted for in terms of conformational
differences at the glycosidic linkages. Based on these findings, both the
cellobiose and cellotetraose calculations, the cellulose I structure is believed
to have linkages similar to that found in methyl 0-cellobioside and cellulose II




INTERPRETATION OF THE O-H STRETCHING REGION FOR SEVERAL DISACCHARIDES,
THE CELLODEXTRINS, CELLULOSE I, AND CELLULOSE II
INTERPRETATION OF THE O-H STRETCHING REGION OF THE VIBRATIONAL SPECTRA
OF SEVERAL RELATED DISACCHARIDES
The O-H stretching region of the vibrational spectra, 3000-3600 cm -1 was
investigated for cellobiose, methyl 0-cellobioside, and c-lactose. These data,
in conjunction with the crystal structures for these compounds, allowed the
interpretation of this region of the vibrational spectra in terms of inter-
molecular and intramolecular hydrogen bonding. This interpretation has been
applied to xylobiose, 0-lactose, and sophorose, none of which have a known
crystal structure. The interpretation has also been applied to maltose, the 1-4
linked disaccharide of glucose.
The vibrational spectra of the carbohydrates are very complex when taken as
a whole. However, certain regions of the vibrational spectra may be adequately
interpreted by the application of the group frequency approach. One such region
is the O-H stretching region, particularly for the disaccharides. It should be
noted that the group frequency approach is only qualitative and does not consti-
tute a definitive description of the motions of this region.
Free O-H stretching vibrations would be expected to have associated frequen-
cies between 3650 and 3800 cm- 1 such as the 3656 and 3755 cm- 1 bands for water
vapor. Participation in a hydrogen bond alters the nature of the O-H bond and
thus changes the frequency associated with the O-H stretching motion. It has
been well documented6 ! that the O-H stretching vibration is shifted to a lower
frequency according to the strength of the hydrogen bond. Very strong hydrogen
bonds may shift the characteristic O-H stretching vibration to a value as low as
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600 cm- 1. The hydrogen bonds associated with the carbohydrates, although very
important, rarely shift the 0-H stretching frequency to values lower than 3000
cm-1 .
The shape of the band associated with a particular hydrogen bonded 0-H
stretching vibration may be interpreted in terms of the coupling of the 0-H
stretching motion with other motions through the hydrogen bond. The interpreta-
tion presented here will be entirely qualitative and no attempt will be made to
evaluate such things as the anharmonicity of the 0-H stretching which would
require careful observation of overtone bands which was not possible in this
study.
The vibrational spectra of cellobiose, methyl B-cellobioside, and a-lactose
between 3000 and 3600 cm-l may be interpreted in terms of their crystal
structures.18,32,33 Raman and infrared spectra for these compounds are included
in Fig. 69. Crystal structures, denoting intramolecular hydrogen bonds are
shown in Fig. 70. It can be seen that all three spectra show a broad band with
very little definition between 3000 and 3200 cm- 1. This broad band is asso-
ciated with the 0-H stretching motions of hydroxyl units participating in intra-
molecular hydrogen bonds. These are the hydrogen bonds which account for many
of the crystal effects and the cohesive forces in the solid samples. The region
between 3300 and 3600 cm-1 shows sharp, well-defined bands in cellobiose and a-
lactose. These bands are associated with the isolated intramolecular hydrogen
bonds shown in Fig. 70 or with the hydrogen bond with the water of hydration in
a-lactose. The observed vibrational frequencies and the 0...0 distances asso-
ciated with the appropriate hydrogen bond are listed in Table 6 and compared to
literature observations6 2 in Fig. 71. It can be seen that these observations
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Raman and infrared spectra 3000-3600 cm- 1 for cellobiose, methyl
B-cellobioside, a-lactose, xylobiose, maltose, sophorose, and
B-lactose.
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Figure 70. Structures of cellobiose, methyl 0-cellobioside, xylobiose,















































broad band observed for methyl B-cellobioside in this region, 3300-3600 cm- 1,
can be attributed to a combination of the effects of the bifurcated intramolecu-
lar hydrogen bond, illustrated in Fig. 70, and the intermolecular hydrogen
bonds. The broadening of the band associated with that bifurcated bond may be
due to either a very broad potential energy caused by the bifurcation or to the
coupling of that hydroxyl motion with the motions of the hydroxylmethylene posi-
tion through part of the bifurcated hydrogen bond. In either case, the bifur-
cation of the intramolecular hydrogen bond results in the broadening of the O-H
stretching band associated with that hydrogen bond. Thus the O-H stretching
region of the vibrational spectra may be interpreted in terms of intermolecular
and intramolecular hydrogen bonds.
Table 6. Observed vibrational bands and the O...0 distances associated with
the hydrogen bonds in which they participate.












This interpretation has been successfully applied to the O-H stretching
regions of the spectra for xylobiose, a-lactose, and sophorose for which no
crystal structures have been published. The observed spectra for these com-
pounds in the region 3000-3600 cm- 1 are illustrated in Fig. 69. The broad bands
in the region 3000-3300 cm- 1 are associated with the O-H stretching of the
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hydroxyl units participating in the intermolecular hydrogen bonds present. The
sharp band at 3357 cm- 1 for xylobiose may be associated with the motions of the
hydroxyl unit participating in the intramolecular hydrogen bond. The sharp
bands for 8-lactose may be associated with either an intramolecular hydrogen
bond (3448 cm- 1) or a hydrogen bond including the water of hydration (3290 cm- 1).
This is also observed in a-lactose. Figure 70 indicates the intramolecular
hydrogen bonds for xylobiose and 8-lactose. The frequencies associated with
them are listed in Table 6. Any proposed structure for these compounds should
be consistent with these observations. The vibrational spectrum of sophorose,
the B 1-2 linked disaccharide of glucose, is shown in Fig. 69 also. It has a
broad band in the 0-H stretching region similar to that observed for methyl 5-
cellobioside. The implications of this observation are not clear at this time.
The Raman and infrared spectra for the 0-H stretching region for maltose are
also presented in Fig. 69. These spectra can also be interpreted in terms of
intermolecular and intramolecular hydrogen bonds. Similar broad bands, asso-
ciated with the hydroxyls participating in the intermolecular hydrogen bonds,
are present in the region 3000-3300 cm- 1. No sharp bands appear in the infrared
spectrum, but one sharp band appears in the Raman spectrum. This band may be
associated with the intramolecular hydrogen bond shown for maltose in Fig. 70
or, more likely, with a hydrogen bond associated with a water of hydration. The
crystal structure of methyl O-maltopyranoside3 4 is presented in Fig. 72 showing
the hydrogen bonds with the water of hydration for this molecule. This structure
may be taken as the basis for the interpretation of the 0-H stretching region of
the maltose spectra. The sharp band at 3346 cm- 1 in the maltose Raman spectrum
may be associated with the stretching of the hydroxyl participating in an intra-
molecular hydrogen bond or with a hydroxyl participating in a hydrogen bond with
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the water of hydration if maltose crystallizes as a hydrate. The latter is the
more likely considering the frequency and the fact that maltose is supplied com-




Figure 72. Crystal structure of methyl B-maltopyranoside.3 4
It has been shown that the O-H stretching region of several disaccharides
may be interpreted in terms of the effects on the O-H stretching frequencies
from intermolecular and intramolecular hydrogen bonds. Certain implications can
be drawn from this region concerning the structure of compounds for which
crystal structures have not been published based on the hydrogen bonding indi-
cated by the O-H stretching region.
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INTERPRETATION OF THE O-H STRETCHING REGION OF THE VIBRATIONAL
SPECTRA OF THE CELLODEXTRINS
A very interesting effect is observed in the O-H stretching region of the
vibrational spectra of the cellodextrins as one progresses to the larger molecules.
The region 3000-3600 cm- 1 of the vibrational spectra of the cellodextrins is
presented in Fig. 73. The preceding sectiondemonstrated that the O-H stretch-
ing region of the vibrational spectra of cellobiose indicates the presence of a
single isolated intramolecular hydrogen bond. The Raman and infrared spectra of
cellotriose indicate that there is no isolated intramolecular.hydrogen bond.
Cellotetraose shows the presence of two distinct bands in the infrared and indi-
cations are also present in the Raman of two distinct bands. The higher cello-
dextrins and cellulose II show two distinct bands in both the infrared and Raman.
The presence of these two bands indicate that there are two isolated intra-
molecular hydrogen bonds along the chain. However, the O-H stretching region of
the vibrational spectra of cellulose I shows only a broad band similar to that
observed for methyl B-cellobioside.
As was demonstrated in the previous section, certain implications concerning
the structures of the compounds being investigated may be obtained from con-
sideration of the observed frequencies in the O-H stretching region. Some
general comments may be made concerning the structures of the cellodextrins,
cellulose I and cellulose II based on the interpretation of the O-H stretching
region. Firstly, it may be stated that once a DP of four is reached, there are
no significant changes in the O-H stretching region of the vibrational spectra
of the cellodextrins and therefore no significant changes in structure. This is
consistent with the earlier observation concerning the vibrational spectra below













Figure 73. O-H stretching regions of the cellodextrins, methyl 0-cellobioside,
cellulose I and cellulose II.
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patterns of the cellodextrins. Secondly, the existence of two sharp bands in
the O-H stretching region of the vibrational spectra of cellulose II and the
higher cellodextrins suggests the presence of two nonequivalent intramolecular
hydrogen bonds. This suggests that there are probably two nonequivalent confor-
mations about the glycosidic linkages present in these compounds. The O-H
stretching region for cellotriose indicates that any intramolecular hydrogen
bonds are not isolated. It is not possible to differentiate between the possi-
bilities of the intramolecular bond being bifurcated or perturbed by the inter-
molecular hydrogen bonding network. Both interpretations are consistent with
the observed spectra of cellotriose in the O-H stretching region. The O-H
stretching region for cellulose I is very similar to that of methyl B-cello-
bioside. This suggests that cellulose I contains a bifurcated intramolecular
hydrogen bond similar to that found in methyl B-cellobioside.
All of the above observations may be used to construct a coherent descrip-
tion of the structures of the cellodextrins, cellulose I and cellulose II. If
the repeating unit for cellulose is taken as cellobiose rather than glucose,
either an isolated intramolecular or bifurcated intramolecular hydrogen bond may
be included in the repeating unit. This would depend on whether the repeating
unit had the conformation of cellobiose or methyl 0-cellobioside. A second con-
sideration is the manner in which these repeating units are linked together.
The interpretation based on the O-H stretching regions concludes that the cello-
dextrins of DP greater than four and cellulose II have repeating units of con-
formations similar to cellobiose and that these repeating units are linked
together with glycosidic linkages of conformation also similar to that of cello-
biose. This linkage, joining the cellobiose repeating units, would be of
slightly different conformation to account for the second sharp observed band.
The cellulose I structure would have repeating units with linkage conformations
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similar to methyl 8-cellobioside which are joined by similar linkages. Thus all
the glycosidic linkages in cellulose I would allow the bifurcated intramolecular
hydrogen bonds consistent with the observed broad band in the cellulose I O-H
stretching region. These results are consistent with the observations based on
the normal coordinate analysis of cellobiose and cellotetraose presented earlier.
The O-H stretching region of cellotriose may provide further insight into
the nature of the structures of the cellodextrins. The cellotriose O-H stretch-
ing region suggests that there is no isolated intramolecular hydrogen bond
present. It is possible to view the cellotriose molecule as a derivative of the
repeating unit of cellulose, namely cellobiose, and therefore it would not
necessarily have to behave as cellobiose and the higher cellodextrins. This
could then be applied to all the odd numbered cellodextrins. Viewing the odd
numbered DP cellodextrins as derivatives may account for the greater difficulty
in getting the odd numbered cellodextrins to crystallize than the even numbered
DP cellodextrins.4 8
The O-H stretching region of the cellodextrins, cellulose I and cellulose II
may be interpreted in terms of intermolecular and intramolecular hydrogen bonds.
Certain implications may be drawn concerning their molecular configurations from
these observations. These implications are consistent with the conclusions from
the normal coordinate analyses of cellobiose and cellotetraose. These conclu-
sions are that cellulose I has conformations at the glycosidic linkages similar
to that found in methyl 8-cellobioside and that cellulose II has conformations
about the glycosidic linkages similar to that found in cellobiose. The observed
differences between the vibrational spectra of cellulose I and cellulose II can
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APPENDIX I
DESCRIPTION OF THE NORMAL COORDINATE CALCULATIONS
INTRODUCTION
The purpose of this Appendix is to describe in detail the mathematics and
computer programs which are used in the normal coordinate analysis of the cello-
dextrins. The order of program descriptions generally follows the order in
which the programs would be normally run. The flow of data for the programs is
presented in Fig. 74. A master tape of all these programs and some sample input
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Figure 74. General flow of computer programs.
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CARTSET
CARTSET generates the cartesian coordinates and appropriate input data for
the program CART from fractional atomic coordinates. The program was written by
H. Wells borrowing heavily from NRC-22, a part of IBM's crystallographic library.
First, a transformation matrix is constructed which will transform frac-
tional atomic coordinates into cartesian coordinates. The transformation matrix
is:
/A B x cos C x cos \
T 0 B x sin i C x (cos cos s x os 
where
A,B,C = lengths of the sides of the unit cell
a,P,[ = angles between the faces of the unit cell
p = (1 + 2 x cosa x cos6 x cosl - cosa 2 x cosB 2 cosC 2 )
sin 
The fractional atomic coordinates are transformed to cartesian coordinates by:
Xcart = T * Xfract
CART input is generated first for atoms 2 and 3 and then for the remaining
atoms sequentially. The CART input for each atom consists of 3 reference atoms
NA, NB, AND NC,, the distance between the atom and NA, the angle between the atom
NA and NB, and the angle between the bond of the atom and NA and the plane
defined by NA, NB, and NC. The distance NO-NA is taken from the distance table
generated previously. The angle NO-NA-NB is calculated by:
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= (180-cos- 1 ( (NO,NB)2 - (NO,NA)2 - (NA,NB)2 x 5725579)2x (NO,NA) x (NO,NB) x 57.25579)
where
(NO,NA) = distance between NO and NA.
A set of direction cosines must be determined before the dihedral angle, 6, be-
tween NO-NA and NA-NB-NC can be calculated. The angle 8 is then calculated by:
0 = [cosl1 (cosca x cosa 2 + cosS 1 x cosS 2 + cos C1 x cos C2 )]
where
al, 81, 1 = direction cosines for NO-NA-NB
a2 , k2, g2 = direction cosines for NA-NB-NC
This value and 180-0 are printed. It is up to the operator to determine which
value is appropriate and whether it should be positive or negative.
The final portion of the program prints the table of atomic distances.
CART
The program CART calculates cartesian coordinates and atomic distances from
bond length, bond angles, and dihedral angles. The program can also calculate
the center of mass, the moment of inertia tensor and the principle cartesian
coordinates of the atoms, if desired. The cartesian coordinates are calculated
in a two step process: (a) transformation of the spherical coordinates defined
by the bond lengths and angles to an arbitrary set of cartesian coordinates and
(b) transformation of these cartesian coordinates to cartesian coordinates
determined by the first three atoms defined.
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The fixed cartesian coordinate system is determined by the first 3 atoms in
the following manner. Atom 1 determines the origin. The direction from atom 1
to atom 2 determines the positive x axis. Atoms 1, 2, and 3 determine the x,y
plane with the positive y direction determined by the position of atom 3 rela-
tive to the x axis. The positive z direction is set by requiring a right-handed
coordinate system.
In order to determine the cartesian coordinates of atom NO, three atoms,
NA, NB, and NC, must be specified for which cartesian coordinates have been pre-
viously calculated. Also required are, R, the bond length NO-NA, 0, the angle
NO-NA-NB and t, the angle between NO-NA and the plane NA-NB-NC. These spherical
coordinates are transformed to an arbitrary cartesian coordinate system by:
x' = R cos 8
y' = R sin. * cos 0
z' = R sin 0 * sin <
These coordinates are then transformed to the set cartesian coordinate system
by:
x i i'
y j ' i'




i .k' ' \)
j * k' Y' o








unit vectors of set cartesian coordinate system
arbitrary cartesian coordinate system
unit vectors of arbitrary cartesian coordinate system
cartesian coordinates of atom NA in set cartesian coordinate system.
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The values of the dot products of the unit vectors are calculated from the car-
tesian coordinates of the three specified atoms. First the differences in the
cartesian coordinates are determined as:
LXb = Xb - Xa
AYb = Yb - Ya
Azb = Zb - za
AXc = Xc = Xa
AYc = Yc - Ya
Azc = Zc - Za
The first 3 columns of the transformation matrix are calculated in the following
manner:
i · i' = Axb/r =
j * i' = AYb/r =
k i' = Azb/r =
i · j' = Axi'/r'
· j' = Ayi'/r'







= (Axb 2 + Ayb 2 + Azb2)1/ 2
= AXc - (Axc* cosa + Ayc* cosB
= AYc - (Axc* cosa + Ayc* cosB
= Azc - (Axc* cosa + Ayc* cosB
= (xi' 2 + yi' 2 + Zi'2)1/2
+ AZc* cosC) cosa
+ AZc* cos ) cosB
+ Azc* co cos s
The remaining elements are determined using the following vector identity:
i * k' = (j * i')*(k * j') - (j * j')*(k * i') = cosa"
j * k' = -(i * i')*(k * j') + (i * j')*(k * i') = cosB"








The atomic distances are calculated by:
Rij = [(xi - xj)2 + ( - y)2 ( - zj)211/2
A table of the atomic distances is printed as a check of the input data. This
information may be checked against the atomic distances printed by CARTSET to
assure that proper dihedral angles have been used.
The center of mass is calculated by:
cm = i Xi wti/Ziwti
Ycm = ri Yi wti/Eiwti
Zcm = zi Zi wti/' i wti
where
wti is the mass of atom number i.
At the option of the user, the elements of the moment of inertia tensor are
calculated. They are obtained according to:
Ixx = Zi (yi2 + Zi2) wti
Iyy = Ei (zi2 + xi2 ) wti
Izz = Zi (xi2 + yi2 ) wti
Ixy = Iyx = - i xi Yi wti
Ixz = Izx = - i Xi wti
Iyz = y = - i Yi zi wti
The moment of inertia tensor is diagonalized by the Jacobi method in sub-
routine HDIAG. The principle moments of inertia may be printed at the users
option. The transformation which diagonalizes the moment of inertia tensor may
be applied to the cartesian coordinates for each atom to yield the principle
cartesian coordinates of each atom.
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DETERMINATION OF THE B AND G MATRICES
The motions of an isolated molecule may be described in terms of infinite-
simal changes in bond lengths, bond angles and torsional or dihedral angles.
These motions constitute a set of internal coordinates (i.e., coordinates unaf-
fected by rotation or translation of the molecule as a whole). Since the
displacements are assumed to be infinitesimal, only first order linear terms
need be considered. This results in considerable simplification of the mathema-
tics involved. One of these internal coordinates St, may be described by:
3N
St = I Btic i T = 1,2,3,... 3N-6
i=l
where the coefficients Bti are determined by the geometry of the molecule and
Ei represents a cartesian displacement coordinate. Wilson Decius and Cross
introduce the following notation
N
St = st a-pa
=1
There is a vector, pa, for each atom a whose components are c3a., e,3a+l, 63c+2'
The vector st, may be visualized as lying in the direction which will produce
the largest increase in St when only atom a is moved (all other atoms are in
their equilibrium positions). It has the magnitude, sta, equal to the increase
in St produced by a unit displacement in this most effective direction.
CONSTRUCTION OF THE B MATRIX
In the computer program GMAT the components of the B matrix are calculated
in one of three subroutines depending on the type of internal coordinate being
considered. The mathematics are described in this section. The unit vector
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pointing from atom 1 to atom 2 will be denoted as el2 in the following descrip-
tions.
BOND STRETCHING
In bond stretching, St is the increase
2 as shown in Fig. 75. From the definition
lie along the line connecting atoms 1 and 2
atom. The elements of the vector sta for a
for atoms 1 and 2 are:
in the distance between atoms 1 and
of st, it is clear that stl and st2
directed away from the opposing
bond stretching internal coordinate
stl = e2 1 = -el2 and St2 = el2 = -e21
-- r12 -
etl -- . . --.--- > et2
1 2
Figure 75. Diagram of bond stretching internal coordinate.
The calculation of the B matrix elements associated with the bond
stretching internal coordinates is performed in the subroutine BOST.
VALENCE ANGLE BENDING
Valence angle bending is described as the increase in the angle between two
valence bonds attached to the same atom 3 as shown in Fig. 76. Consider stl
first. The greatest increase in the angle will result from a displacement of
atom 1 perpendicular to bond 3-1 away from atom 2. The increase in the angle
for a unit displacement in this direction is l/r31 where r31 is the distance
from 3 to 1. This is true because we are considering only infinitesimal dis-
placements. By a similar argument st2 will be pointed away from 1 perpendicular
to bond 3-2. It will have a magnitude of l/r23 -
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St3
8 ~1 t 1+ X~ T2
Figure 76. Diagram of valence angle bending internal coordinate.
It can be shown that the sum of all the s vectors associated with a single
internal coordinate must equal zero. Thus st3 must be the negative of the sum
of stl and st2. These s vectors may be expressed in terms of the unit vectors
e3 1 and e32 in the following manner.
- cos e e31 - e32-
stl r3 sin 6
cos 0 32 - e31-
t2 = r3 2 sin 0
_ (r31 - r3 2 cos 0) e31 + (r32 - r31 cos 8) ~32
St3 = --- 5 t3 =r 31 r32 sin 0
An alternate method using vector products is presented by Wilson Decius and
Cross for obtaining the s vectors associated with the valence angle bending
internal coordinate. The B matrix elements associated with the valence angle
bending internal coordinates are calculated in the subroutine BEND.
TORSIONS
A torsional internal coordinate is defined as the change in the dihedral
angle, T, between the planes defined by atoms 1, 2, and 3 and atoms 2, 3, and 4
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when atoms 1, 2, 3, and 4 are bonded as shown in Fig. 77. A sign convention is
adopted for the angle T. The absolute value of T is always less than W and is
said to be positive if atom 4 lies clockwise from atom 1 when viewed down the






Figure 77. Diagram of torsional internal coordinate.
The unit vectors perpendicular to the planes defined by 1, 2, and 3 and 2,
3, and for are, respectively, (e34 x e3 2)/sin 83. Using this, the value of T
can be expressed as:
(- 1 E2 X 2 3 ) * (e 2 3 x e3 4 )T = Pc!- -
sin 02 sin 03
First consider the elements stl, the contribution of atom 1 to St. The
most effective direction for an increase in T is (e21 x e23) and a unit vector
in this direction would be (e2 1 x e2 3)/sin 62. An infinitesimal displacement in
this direction would increase by (r12 sin 02)-1. Thus stl takes the form:
-_- 1 (e21 x e23) (e1 2 x e23)




34 (4 X e32)
st4 = - -
r34 sin2 02
A movement of atom 2 results in two components which change the value of Tr
One component is perpendicular to plane 1, 2, 3 and the other is perpendicular
to plane 2, 3, 4. The component perpendicular to plane 1, 2, 3 has a unit vec-
tor of
(e21 x e23 )/sin 02
and a value of
1 e12 ' e2 3
1 sn 2 +23 sin 2r12 sin 82 r23 sin 82
r23 - r12 cos 82
r2 3 r12 sin 82
The component of st2 perpendicular to the plane 2, 3, 4 has the unit vector
(e32 x e34)/sin 83
and a value of
e23 * e3 4 cos 83
r23 sin 03 r23 sin 03
Therefore, the s vector for atom 2 may be expressed as
t_ (r23 - r1 2 cos 02) (e21 x e2 3)




(r32 - r4 3 cos 03) (U34 X e3 2 )
St3 - - 32 in2 
r32 r43 sin
2 03
cos 03 (e32 x e34 )
r2 3 sin
2 83





The B matrix elements associated with the torsional internal coordinates
are calculated in the subroutine TORS.
CONSTRUCTION OF THE G MATRIX




where mi is the mass of atom i. The elements of the G matrix may also be
expressed in terms of the s vectors described in the previous sections as
N 1 -
Gtt = i m ti t'i
1=1 mi
The program GMAT utilizes upper equation to determine the elements of the G
matrix. Clearly, the G matrix is a symmetric matrix. The program takes advan-
tage of this in that it calculates only values for the upper triangle of the G
matrix. In the form used in this thesis work, the program GMAT wrote the B and
G matrices on a tape which was later used to set up the input data for the solu-
tion of the secular equation.
CELLO
The program CELLO calculates the theoretical frequencies, potential energy
distributions and the cartesian displacement coordinates for a molecule. The
input data for this program are the force constants, the Z matrix, the G matrix,
cartesian coordinates and the B matrix for the molecule being considered.
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POTENTIAL AND KINETIC ENERGY OF THE MODEL
It is necessary to first develop the theory for the solution of the
equations of motion for an isolated vibrating molecule. The potential energy of
the model, V, may be expressed in terms of a Taylor's series in the 3N-6 inter-
nal coordinates as in Eq. (1).
3N
2V = 2Vo + 2 C (aV/aqi)o qi +
i=l
3N
(32V/aqi aqj)qiqj + higher terms (1)
i,j=1l
3N 3N
= 2Vo + 2 X fi qi + fij qiqj + higher terms
i=l i,j=l
The potential energy at equilibrium may be set equal to zero, resulting in Vo =
0. The terms fi are the first derivatives of the potential energy function at
the equilibrium position. Since the potential energy function is a minimum at
the equilibrium position, these terms, fi, are zero. For small displacements,
the higher order terms may be neglected. This allows the potential energy of
the model to be written as in Eq. (2) where fij = (a2Vo/3qiaqj).
3N
2V = fi qiqj (2)
i,J=l
The values of the fij's are constants which are referred to as force constants.
The potential energy is expressed in matrix notation in Eq. (2a) where q is a
column matrix of the qi's and f is a symmetric matrix with the elements fij.
2V = q' f q (2a)
The kinetic energy of the model may be expressed as
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3N
2T = I tij qi qj (3)
i,j=1
where the tij's are the kinetic energy coefficients and the qi's are the veloc-
ities in terms of the internal coordinates. In matrix notation, this may be
expressed as
2T = qi (3a)
where j is a column matrix of the velocities qi and t is a matrix of .the kinetic
energy coefficient tij. In the approximation used in these calculations, the
potential and kinetic energies are homogeneous quadratic functions of the
generalized coordinates and generalized velocities, respectively.
SETTING UP THE SECULAR EQUATION
In order to solve the vibrational problem for the model which has been
chosen, the equations of motion must be developed. This is done by using the
Lagranian function and Lagrange's equation of motion. The Lagrangian function,
L, for the model may be written as
3N
L = T - V = 1/2 I (tijqiqj + fijqiqj) (4)
i ,j=l
Lagrange's equations of motion are defined by
dt - ( aL/q j) = 0 (5)
where j = 1,2,3...3N-6. Substitution of Eq. (4) into Eq. (5) yield the
equations of motion for the model as
3N
I (tijqi + fIJqi) = 0 (6)
i=l
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where j = 1,2,3,...3N-6. Equation (6) is a form of the secular equation for the
vibrations of an isolated molecule.
It is easier to express and solve the secular equation when it is expressed
in matrix form rather than a series of equations as in Eq. (6). The matrix
expression for Eq. (6) is
G-I ~ + F q = 0 (7)
where j and q are column matrices of qi and qi, G-1 is the kinetic energy matrix
and F is the matrix whose elements are fij. In the calculations, the F matrix
is constructed from a set of force constants and a matrix which places these
force constants in the F matrix according to
fij = Zijk e k or F = Z O (8)
where 8 is the column matrix of the force constants.
The nontrivial solutions of Eq. (7) must also satisfy
F - F-1 = 0 (9).
or
GF - E X I = 0 (9a)
It can be seen that any method which diagonalizes the GF product will yield the
calculated frequencies. The resulting diagonal elements are referred to as the
eigen values of the GF product and the columns of the matrix which diagonalizes
the GF product are called the eigen vectors. This diagonalizing matrix is
termed the L matrix and
L- 1 G F L = A (10)
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where A is the diagonal matrix of the eigen values Xk. The L matrix will be
shown to have numerous and diverse applications in the normal coordinate calcu-
lations.
The GF product is generally an asymmetric matrix. This fact complicates
the diagonalization. To circumvent this difficulty, a transformation matrix is
constructed which allows the transformation of the F matrix into a symmetric
matrix which has the same eigen values and eigen vectors as the GF product.
The transformation matrix which is desired is one which will transform the
G matrix to a unit matrix. The G matrix may be diagonalized in the following
manner. First, GilGlj/G11 is subtracted from each element in the G matrix
except Gll and the resulting matrix is denoted G(1). The matrix G(1) is sym-
metric and the first row vanishes. This operation is carried out for rows two
through 3N-6, for Gij, i > j. The final diagonalized matrix is denoted G(m-1)
and can be made a unit matrix by
E = [G(m-1)] - 1/2 [G(m-l)] [G(m-1)]-1/2 (11)
The inverse of the matrix which will diagonalize the G matrix is
1 o0 0 0 ...... 
G12/Gl1 1 ......
G13/Gll G23(1)/G22 ( 1 ) 1 ......
A- 1 = G14/G G24( )/ G22( 1 ) G34 (2)/G 3 3 (2) 1 ...... (12)
The transformation of G is then
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G(m-l) = A G A' (13)
This matrix can then be made a unit matrix as shown in Eq. (11). The corres-
ponding F matrix transformations are
F (A-1)' F (A-1) (14)
and
H = [G(m-1)]1/ 2-F [G(m-1)] 1/2 (15)
The matrix H is a symmetric matrix having eigen values and eigen vectors iden-
tical to the GF product. Since H is symmetric, it can be diagonalized by an
orthogonal matrix, W, such that
H W = W A and W' H W = E X = A (16)
where A is the diagonal matrix of the eigen values, Xk. Therefore the trans-
formations which diagonalize the kinetic and potential'energy matrices are
W,[G(m-1)]-1/2 AGA' [G(m-1)]-1/2 W = E (17)
and
W'[G(m-1)]1/ 2 (A-1)F A-1[G(m-1)] 1 / 2 W = A (18)
L = A-1[G(m-1)]1/2W (19)
L- 1 = W'[G(m-1)]-1/2A (20)
From these equations, the computer program CELLO calculates the normal coor-




There exists a set of 3N-6 coordinates, Qi, for each solution of the secular
equation such that there are no cross terms between the coordinates. They are
called the normal coordinates.
Qi * Qj = Qi2 i = j (21)
0 i j
The matrix L calculated above provides the transformation from internal to nor-
mal coordinates such that
3N-6
qi Lij Qj (22)
j=1
or in matrix form where Q is a column matrix of the Qj's
= L Q (23)
The kinetic energy in terms of normal coordinates may be expressed as in
Eq. (24) and the potential energy as in Eq. (25).
2T = 4'T = Q'L' t L Q = Q E Qk (24)
k
2V = q'fq = Q'L' f LQ =Q' A Q = Xkqk (25)
k
E is the unit matrix and A is the diagonal matrix of the eigen values Xk.
VIBRATIONAL WAVE EQUATION
It can be demonstrated that the classical mechanical model used in the nor-
mal coordinate calculations is consistent with the quantum mechanical inter-
pretation of the vibrational spectra. Vibrational spectra may be interpreted as
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the absorption of quanta of energy (h vi) associated with the transitions be-
tween the ground vibrational state and the excited vibrational states* of wave-
number vi. The excited vibrational state can be described by the Schroedinger
equation for that state in terms of the internal coordinates.
3N-6
'1 = I 'ij(qi) (26)
i=l
However, when the transformation is made to normal coordinates each vibration of
the molecule is described by a single coordinate and
Jj = pj (Qj) (27)
and the entire vibrational wave equation may be written as
Wv = '1 (Q1) P2 (Q2) ... 3N-6 (Q3N-6) (28)
This is a set of 3N-6 one dimensional equations of the form
(a2-/aQk2) + (8 T2/h2) (Ek = 1.2 XkQk2) = 0 (29)
for k = 1,2,3,...3N-6. Equation (29) can be recognized as the wave equation for
a simple harmonic oscillator. The total vibrational energy associated with the
wave Eq. (28) is the sum of the Ek's for Eq. (29) associated with the individual
normal coordinates.
3N-6
Evib = Ek (30)
k=l
*Transitions also occur between the excited states which result in the absorp-
tion of quanta of energy other than the amounts associated with the transition
from the ground state to individual excited states. However, these alternate
transitions do not occur nearly as often and may be neglected as a first
approximation.
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The solution of Eq. (29) has been well established and the energy levels
are given by (vk + 1/2) hvk where vk is the vibrational quantum number and vk is
the classical frequency of vibration, vk = (Ak)l/ 2/2uh. In this manner the
classical mechanical and quantum mechanical interpretations of the phenomenon of
vibrational frequencies are consistent and complementary.
CALCULATION OF POTENTIAL ENERGY DISTRIBUTION
The contributions to the potential energy from each diagonal force constant
is calculated by the program CELLO. The equation used to calculate these poten-
tial energy contributions is shown in Eq. (31).
PEj = Lji 2Fjj/X i (31)
The potential energy contribution and the description of the internal coordinate
j are printed for all contributions for each calculated vibrations. This infor-
mation is called the potential energy distribution (PED). The off-diagonal
force constants are not considered in this calculation. The extent to which the
sum of the PED varies from 100% is an indication of the amount of contribution
from the off-diagonal interaction force constants.
CALCULATION OF THE CARTESIAN DISPLACEMENT COORDINATES
The L matrix has one more very important application in the normal coor-
dinate calculations, namely the calculation of cartesian displacement coor-
dinates. There exists a transformation T from normal coordinates, Q, to
cartesian coordinates X such that
X = T Q (32)
This matrix, T, may be obtained from the relationship
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' T = M- 1 B' (L-1) (33)
where M -1 is a matrix of inverse atomic masses and B' is the transpose of the B
matrix calculated by GMAT. The T matrix contains the cartesian displacement
(Ax, Ay, Az) for each atom for each normal coordinate. For example, a unit
displacement in normal coordinate Qi will result in the cartesian displacements
Xi = Ti (34)
where Ti is the ith column of the T matrix.
There are two options for displaying the cartesian displacement coordinates
for a particular mode. The first is to draw a "ball and stick" diagram of the
molecule with the displacements represented by "arrows." This is done using the
drawing program PAMOLE with the cartesian coordinates of the displacements
determined by
Xdi = Xo + Ti (35)
where Xo is a column matrix composed of the equilibrium cartesian coordinates.
The second option is to use PAMOLE to draw a series of pictures of the molecule,
each displaced by an increasing fraction of the total displacement for that nor-
mal coordinate. This series of pictures may then be animated to demonstrate the
type(s) of motions present in a particular normal mode.
PAMOLE
The program PAMOLE draws "ball and stick" representations of the molecule
from information concerning the size of each atom its cartesian coordinates and
the manner in which the atoms are connected. This program was used for three
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purposes in this thesis work. The first was to obtain a diagram of the struc-
tures used in the calculations of theoretical frequencies to assure that they
were correct. The second was to draw pictures of the displacements for normal
modes of particular interest. The final use was to obtain a series of pictures
representing the motions associated with a particular normal mode so that the
motion might be animated.
UTILITY PROGRAMS
During the course of the thesis work, four utility programs were written.
Three of these programs take output from the appropriate source and set up a
data file to be used in connection with the program PAMOLE. These three
programs are DRAW (for animation), DRAW1 (for cartesian displacements), and
DRAW2 (utilizing CART output). The fourth utility program DACOPY, sets up the
input data for CELLO from card input of the force constants, internal coordinate
descriptions, and Z matrix and tape input of the G and B matrices as written by
the program GMAT. These programs are well-documented with comments so that they
are essentially self-explanatory.
All of the programs in this Appendix and a set of representative inputs are




Subsequent to the completion of the thesis work, commercial samples of
crystalline cellotriose, cellotetraose, cellopentaose, and cellohexaose were
obtained from V-Labs, Inc. (Covington, LA). These samples were dissolved in
ethanol/water and exposed to acetone vapors to further enhance crystallization
in a manner similar to that used in the thesis work. Both the original spectra
and the V-Labs spectra are presented here for comparison.
250 cm- 1 to 1650 cm-1
The cellotriose spectra of the V-Labs cellotriose is much cleaner than that
obtained in the thesis work. There are several bands in the original spectrum
which are not present in the spectrum for the V-Labs sample. This leads to the
conclusion that the original sample was either an anomeric mixture or had trace
impurities. The spectrum of the V-Labs sample should be taken as the more
representative spectrum for cellotriose. This conclusion does not alter the
thesis results as they were not based on cellotriose vibrational analyses.
The cellotetraose and cellopentaose spectra are very similar for both
sources with the V-Labs spectra appearing slightly more crystalline.
2700 cm -1 to 3500 cm'1
This region was used to support the hypothesis that cellulose I had one
type of glycosidic linkage, and cellulose II had two dissimilar alternating
linkages. This was based on a diffuse OH stretching region (3100 cm- 1 to 3500
cm- 1) for cellulose I and two sharp bands between 3450 cm -' and 3500 cm- 1 for
cellulose II. Further, the lower DP cellodextrins were believed to have a mix-
ture of linkages and it was not until a DP of 5 (cellopentaose), did the pres-
ence of dissimilar linkages become evident from the Raman spectra.
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The enhanced purity and crystallinity of the V-Labs samples allow bands
which were buried in background "noise" to be evident in both cellotriose and
cellopentaose between 3450 cm-1 and 3500 cm-1. This extends the concept of
dissimilar glycosidic linkages down to cellotriose and further enhances the
interpretation of the difference between cellulose I and cellulose II being the
conformational differences at the glycosidic linkages.
Conclusions
Improvements in purity and crystallinity of commercial samples of cello-
triose, cellotetraose, and cellopentaose have resulted in improved Raman spectra
relative to those obtained in the thesis work. These spectra reinforce the
thesis conclusion that differences in conformation about the glycosidic linkages
can account for the observed differences between cellulose I and cellulose II.
Their improved clarity allows the extension of the concept of dissimilar glyco-
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